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THE VISIBLE ABSORPTION BAND OF REDUCED LUCIFERIN 
By AURIN JI. CHASE 

(From the Physiological Laboratory, Princeton University, Princeton) 
(Received for publication, Februarj- 9, 1945) 

The visible absorjition spectrum of Cypridina luciferin (the substrate 
in a bioluminescent reaction (Hanley (5))), carried through ttvo C3’’cles of 
purification (method of ^Vnderson (1)), has been measured in phosphate 
buffer of pH 6.8 (Chase (3)). These measurements were made tvith the 
Hardy recording spectrophotometer (Hardj’’ (4)), which permits the 
tracing of an absorption spectrum within 5 minutes after the drj' luciferin 
was dissolved. As Anderson (2) has shown, luciferin is reversiblj' o.vidized 
by air to a compound which will not react in the ordinarj’’ waj’' with the 
enzjTne, luciferase, to give light. The measurements of the absorption 
spectrum by Chase (3) showed initiall}' a band at about 435 mp, which wns 
replaced, within 20 minutes exposure to air, by one at about 465 mp. The 
latter then disappeared durbg some 6 hours of additional exposure to air, 
leaving the solution practically colorless. 

These spectral absorption data were interpreted by Chase (3) as shoiving 
that the 435 mp band represents reduced luciferin;* i.e., before any reaction 
with dissolved o.xygen in the solvent has occurred. The band would 
therefore be an important property of the luciferin molecule, especially 
in conjunction with the subsequent changes in the absorption spectrum. 
It has become apparent, how'ever, that an alternative interpretation of 
these data may be possible. The measurements described above were 
made on a solution which contained dissolved oxj’^gen. It might therefore 
be that the band at 435 mp does not represent reduced luciferin but, rather, 
that reduced luciferin is colorless and the band appears during the short 
interval w’hen the freshly dissolved luciferin is in contact with o.xj’’gen in 
the solvent before the initial absorption spectrum is measured. It is 
necessary, conBequentl3’’, to determine which of these two interpretations 
is correct. 

Examination of the absorption spectrum of luciferin, freed from color 
impurity by two C3’’cles of purification and dissolved and measured in com- 
plete absence of oxygen, w'ould settle this point, since under such conditions 
there is no opportunity for reaction with ox3’’gen and the absorption spectrum 
W’ould be quite stable. Unfortunatel3’', no such data exist, since 0^3’ 
luciferin from a single cycle of purification has been measured in this way (3). 

* The term “reduced luciferin,*' as used here, means luciferin that has not reacted 
spontaneously with oxygen. 
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REDUCED LUCIFERIN 


by shifting one of them on the log (—log T) axis, the two solutions, an- 
aerobic and aerobic, are identical in spectral absorption. 

Fig. 1, A shows the values of log (—log T) plotted against wave-length 
in mfi, and shifted on the vertical axis to coincide. It is quite apparent 
that there is no significant difference between the absorption spectra of 
the two solutions. 

Having established the identity of the spectra of the oxj’^gen-free solution 
and the freshly prepared aerobic solution, we must determine whether or 
not they show the 435 mp absorption band when corrected for absorption 
by stable, colored impurity; this was done by subtracting from the initial 
spectrum of the aerobic, unstable solution its final spectrum after prolonged 
exposure to air. The necessary numerical values are presented in Table I. 
The initial, final, and “difference” spectra are plotted in Fig. 1, B. The 
difference spectrum clearly shows a maximum at about 435 m/i, just as is 
found from direct measurement of freshly prepared aerobic solutions of 
luciferin that has been carried through two cycles of purification so as to 
remove most of the stable, colored impurity which remains after a single 
cycle. • 

Since the absoiption spectmm of the anaerobic luciferin solution has 
been shown to be identical with that of the aerobic solution immediately 
after the luciferin is dissolved, the .same absorption maximum, at 435 mg, 
must exist when the luciferin Is dissolved and measured in complete absence 
of oxygen as when oxygen is present in the solvent. This absorption band 
must, therefore, be a property of reduced luciferin. 

SUMMARY 

By an analysis of spectrophotometric data on Cypridina luciferin solu- 
tions it is shown that the absorption band at 435 mg which has been 
observed for freshly prepared aerobic luciferin solutions is not due to 
initial reaction of the luciferin with oxygen dissolved in the solvent. The 
band is a property of reduced^ luciferin. 
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THE EFFECTXoF CHOLINE INTAKE AND ENVIRONMENTAL 

temperXture on the excretion of choline 

\ FROM THE HUMAN BODY* 

By B. CONNOrVoHNSON, T. S. HAAIILTON, and H. H. MITCHELL 
(From Ihc Division of Animal Nutrition, University of Illinois, Urbana) 

(Received for publication, March 5, 1945) 


Cholme was shown to be essential for the rat by Best and Huntsman 
(1) and for the dog by Schaefer, McKibbin, and Elvehjem (2). Mills (3) 
has reported an increased choline requirement for rats kept under high 
environmental temperatures. However, the experiments were not suffi- 
ciently well controlled, nor adequately analyzed statistically, to support 
an unequivocal conclusion. Horowitz and Beadle (4) have developed a 
microbiological assay method for choline sensitive enough to determine the 
amounts present in sweat and urine, thus enabling us to study the effect 
of an increased environmental temperature upon the excretion of choline 
by the adult human. Choline balances were carried out under both com- 
fortable and hot environments. 


EXPEEIMENTAL 

Four adult male subjects, age 21 to 28 years, were used in this study. 
These subjects remained in a chamber in which the temperature and 
humidity were accurately controlled for 8 hours per day for 5 day periods. 
During the first experimental period “comfortable” conditions of 29“ and 
50 per cent relative humidity were maintained. During the second ex- 
perimental period “hot moist” conditions of 37.7° and 70 per cent relative 
humidity were maintained. The subjects were fed a constant diet during 
a preliminary period as well as the experimental periods during which collec- 
tions were made. 

Total skin excretions (body washings and sweat during the hot week; 
body washings during the comfortable week) were collected for the 8 hour 
period in the chamber each day. Collections of the total urinary and fecal 
excretions were made for the 5 day experimental periods, the feces being 
separated by means of fecal markers (charcoal). Aliquots of the food were 
taken each day. The food was preserved by freezing, the feces by drying, 
and the body washings, sweat, and urine with hydrochloric acid. 

The data reported in this paper were obtained in the course of a project under a 
contract, recommended by the Committee on Medical Research, between the Office 
of Scientific Research and Development and the University of Illinois. 

6 



D 


CHOLINE EXCRETION 


Assay Procedures — The samples were analyzed for cholire by the micro- 
biological procedure of Horowitz and Beadle* (4), 1 per cent asparagine 
being added to their basal medium to give somewhat better growth. 

The choline content of the body washings and sweat was so low that a 
concentration procedure was necessarJ^ It was found that the permutit 
adsorption column in the original procedure could be used satisfactorily 
for this purpose. 100 to 200 cc. of body washings (or diluted srveat) were 
adjusted to pH 6.5 and put through columns as described by Hororvitz (4). 
Each column was then eluted with 10 cc. of 5 per cent NaCI and the two 


Table I 

Intake and Output of Choline under Comfortable and under Hot Moist Conditions 


Week 

No. 

Condition 

Sub* 

ject 

Cho- 

line 

in- 

take 

Choline output 

Cho- 

line 

bal- 

ance* 

Per cent of intake excreted 

Feces 

Utinc 

Skin 

Total 

Feces 

Urine 

Skin. 

Total 




mg. 

mg. 

mg. 

mg 

mg 

mg. 




m 

34th 

Comfortable 

c 

623.8 

3.32 

BIS 


9.42 

614.4 




m 



D 

856.8 

4.52 

7.85 


12.44 

844.4 


iilBH 


IB 



E 

673.2 

mtm 

4.28 



665.7 


0.64 


1.11 



F 


1.65 

3.94 

9QE 


75S.0 




0.73 

Average 

729.4 

3.17 

5.54 

0.034 

8.74 

720.6 

0.44 

0.76 

o 

o 

o 

1.20 

35th 

Hot moist 

C 

694.8 

2.59 

3.43 



688.7 

0.37 

0.49 

0.0096 

0.88 



D 

898.7 

5.31 

6.83 

HER 

12.24 

886.5 

0.59 

ESS 

0.0112 

1.36 



E 

Litiimil 

4.72 

4.13 


8.91 

682.1 

0.68 


0.0091 




F 

690.8 

2.48 

4.86 


7.42 

683.4 

0.36 

m 

0.0108 

ti 

Average 

743.8 

3.78 

4.81 


8.66 

735.2 



0.0102 

1.15 


* This would include any choline retained os well as the choline catabolized in the 
tissues. 


eluates combined and analyzed as usual. Recoveries of added choline of 
98 per cent and 100 per cent were obtained. 

All the choline in sweat and in urine -was found to be present in the free 
form, no higher values being obtained after acid hydrolysis. The same 
finding has been reported for urine by Luecke and Pearson (5). 

Results 

The choline balances of the four subjects are given in Table I. From 
this table it can be seen that only a very small percentage (0.73 to 1.51) 
of the choline intake is excreted. There is no significant difference in the 

iWe are indebted to Dr. Horowitz for a culture of Neurospora crassa cholineless 
No. 34486. 
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total excretion of choline under comfortable as compared to hot moist 
conditions. However, there is a significant increase in the skin excretion 
of choline under the hot moist conditions. This is balanced by a con- 
comitant decrease in urinary output of choline. 

Table II gives the choline concentration data for undiluted sweat ob- 
tained while subjects were on a normal diet and on the same diet plus 6 
gm. of added choline. In all cases except Subject D there is a definite 
increase in the concentration of choline in the sweat after choline dosage. 

DISCUSSION 

Only a very small proportion of the choline intake in this study was found 
to be excreted as unchanged choline. Expressed as a per cent of the intake, 
the losses of choline were 0.44, 0.76, and 0.0044 in feces, urine, and skin 
excretions, respectively, during the comfortable period; and 0.50, 0.64, 


Table II 

Choline Content of Undiluted Sweat, with and without Choline Dosage 


Subject 

Cholme concentration (no addi* 
tionat choline admimslered) ' 

Choline concentration (6 gm. cho- 
line chloride in addition to diet*) 


y per iOO cc. 

y per 100 cc. 

c 

2.7 

7.5 

D 

15.3 

8.5 

E 

6.1 

, 8.8 

F 

4.4 

9.2 

Average 

7.1 

8 5 


* Choline given in addition to that in the diet. 


and 0.0102 in feces, urine, and skin excretions, respectively, during the 
hot moist period. Apparently 98.5 to 99 per cent of the choline ingested 
was metabolized in the body. 

Of the small amount of choline excreted 63.5 per cent was excreted in the 
urine, 36.2 per cent in the feces, and only 0.3 per cent through the sweat 
during the “comfortable” period. Durmg the “hot moist” period the 
comparable figures were 55.5 per cent, 43.6 per cent, and 0.9 per cent. 

A “hot moist” environment was found to have no effect on the loss of 
choline from the body. This does not necessarily imply that there is not 
an increased requirement in the body. 

SUMRtABY 

1. Choline balances were determined on four adult male subjects on an 
adequate diet under “comfortable” and under “hot moist” environmental 

conditions. 
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CHOLINE EXCRETION 


2. Only 0.7 to 1.5 per cent of the choline intake was excreted as choline. 

3. No increase in total choline excretion was found under “hot moist” 
conditions. 

4. Choline was found in undiluted sweat in amounts of 2.7 to 15.30 7 
of choline per 100 cc. 
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A COLORIMETRIC METHOD FOR THE MICRODETERMINA- 
TION OF a-ALANINE IN BLOOD* 

By benjamin ALEXANDER and ARNOLD M. SELIGMAN 

(From the Medical and Surgical Research Laboratories, Beth Israel Hospital, and the 
Departments 0 / Medicine and Surgery, Harvard Medical School, Boston) 

(Received for publication, February 19, 1945) 

In connection wnth investigation of intermediary metabolism the need 
arose for a specific micromethod for the determination of or-alanme in 
blood. Methods already proposed for the measurement of alanine were 
not only too insensitive for use on blood or other biological material in 
which the amount of alanine is very small but also lacked simplicity and 
specificity for general use. 

Among these methods is that of Fiirth, Scholl, and Herrmann (1), 
who converted alanine to lactic acid by means of nitrous acid. Using 
0.1 to 0.5 mg. of alanine, they determined the lactic acid by the technique 
of Friedemann, Cotonio, and Shaffer (2). More recently Bloch et al. (3) 
measured the lactic acid thus produced by converting it into acetaldehyde 
by oxidation. The acetaldehyde was measured with p-hydroxybiphenyl. 
Both methods (1, 3) require not only a predetermination of lactic acid and 
acetaldehyde in those biological materials in which these substances may 
occur, but also removal or measurement of other agents readily yielding 
these substances. Thus the method of Bloch et al. (3) requires a simul- 
taneous determination of threonine, since it too yields acetaldehyde on 
oxidation. 

More recently Bergmann (4) described a gravimetric method in which 
dioxpyridic acid is employed to precipitate the alanine. This method is 
unsatisfactory for micro measurement. Furthermore incomplete recoveries 
of alanine by this technique necessitate the application of correction factors 
calculated from recoveries of added alanine. 

During the course of this investigation we learned that Virtanen et al. 
(5) in 1940 published a method for alanine determination based upon the 
same reaction which we employ. For reasons which will appear later their 
method is not only less specific, but also less sensitive than the one we 
propose. 

The reaction of ninhydrin (triketohydrindene hydrate) with amino acids 
to give carbon dioxide and the aldehydes of the decarboxylated and de- 

This investigation has been aided by a grant from the Josiah Macy , Jr., Founda- 
tion. The work described in this paper w-as done under a contract, recommended 
by the Committee on Medical Research, between the Office of Scientific Research 
and Development and Harvard University. 
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aminated amino acids has been well elucidated (6-9). According to Ruhe- 
mann (7), the reaction proceeds according to the accompanying formula. 
Calvery (10) stated that measurement of the color resulting from further 
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reaction of the reduced ninhydrin with another molecule of ninhydrin and 
ammonia could not be used for measuring total amino acids because of 
differences in tinctorial value of the color from different amino acids. Van 
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Slyke and Dillon (11) and Mason (12) have measured the carbon dioxide 
evolved in tlic course of this reaction from which the total amino acid 
content was calculated. The former authors found that the maction was 
specific for carboxyl groups of amino acids, 1 mole of CO 2 being liberated 
from 1 mole of amino acid within 3 minutes. The dicarboxyhc acids, 
aspartic and glutamic, yielded 2 moles of CO 2 but in the latter the ^d 
mole of GO 2 was liberated much more slowly than the 1st one. Under 
practically the same conditions. Mason (12) could recover only 75 to 
per cent of the theoretical CO 2 from alanine. Both authors agree that the 
reaction is specific for compounds having primary ammo ^oups in the « 
position to carboxyl groups; peptides and p- and e-amino acids do no yie 
aldehydes and carbon dioxide. 

Our method for the determination of alanine is based upon its conver- 
sion by ninhydrin to acetaldehyde, which is separated from the reaction 
mixture and measured from the color produced when it is al ov e 0 rea^ 
with p-hydroxybiphenyl. By the method outlined below alanine can 
recovered quantitatively from blood and from hydrolysates 0 po ypep 
tides (Table I) with good duplicability (Table II). 

Procedure 


Ninhydrin solution, 1.0 gm. in 100 ml. of H 2 O (trike 0 y rm e 
drate, Eastman). , , . 

Phosphate buffer, pH 5.5 (glass electrode). 3.5 gm. o npo 
phosphate (K3PO4) are added to 100 ml. of a 20 per cent solution of prim y 
potassium phosphate (KH2PO4). 

10 per cent sodium tungstate solution. 

0.66 N sulfuric acid. 

1.0 per cent sodium bisulfite solution. 

4.0 per cent copper sulfate solution. j-.,m Viv- 

1.5 per cent solution of p-hydroxybiphenyl in 0.5 per cen so 

droxide. 

c.p. sulfuric acid, concentrated, sp. gr. 1.84. nrp nlaced 

In the flask of a specially constructed aeration stil ( ig- 

5.0 ml. of a protein-free blood filtrate (1 : 10 dilution) prepare 
to Stotz (13) as follows: 1.0 ml. of blood was 1 1 0 

and 1.0 ml. of sodium tungstate solution was then a ® ° removed 

ml. of 0.66 N sulfuric acid. After standing, the ^ " nrided 1.0 

by filtration or centrifugation. To 5.0 ml. of this W ra ar 
ml. of ninhydrin solution, 2 ml. of the phosphate buffer, 

The flask is then attached to the aeration still on e re 
which is connected a test-tube containing 8.0 ml. of so lum 
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tion. This tube is kept cold with an ice bath. The apparatus is then 
connected to gentle suction. The reaction mixture is brought to a boil 

Tabi^e I 


Recovery of Alanine 


Material 

Alanine 

present 

Added 

alanine 

Recoverj' of 
added alanine 

Recovery 
of total 
expected 
alanine 

Method 

Human blood 

7 

23.8 

7 

50.0 

7 

52.9 

Per cent 

105.8 

Per cent 

96.0 

Aeration 

(( (( 

23.8 

100.0 

94.6 

94.6 

95.0 

“ 

<1 tt 

23.8 

125.0 

117.2 


94.0 

“ 

tt it 

23.8 

150.0 

135.4 


90.5 

** 

Dog blood* 

45.9 

13 3 

8.2 


90.7 


it tt * 

45.9 

26.6 

24.6 


97.0 

tt 

tt tt 0 

45.9 

40.0 

34.6 


94.0 

it 

it tt * 

45.9 

53.2 

52.6 


99.4 

tt 

tt It * 

45 9 

66.6 

65.9 


99.4 

tt 

" " protein-free 

filtrate 

25.0 

250 0 

252. 5 

104. S 1 


Sealed tube 

Gramicidin hydrolysatef 



42.6 

85.4 

91.8 

tt tt 

Amino acid mixture 

12.6 




88.8 

(1 it 


* Variable amounts of glycine as well as alanine were added to each specimen of 
dog blood. 

t We are indebted to Dr. Halvor Christensen of the Harvard Medical School for 
the sample of gramicidin hydrolysate 


Table II 


Duplicabilily of Alanine Determination 


Material 

Alanine 


y 

Blood 

141 


133 

“ filtrate 

23.4 


23.0 


23.4 


27.5 

Alanine standard 

no 


112 


103 

tt tt 

113 


116 


and refluxed for 75 minutes while a steady stream of air is being swept 
through the apparatus. The receiving test-tube is then removed, the 
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bisulfite solution containing the acetaldehyde is transferred quantitatively 
to a graduated centrifuge tube, and, with the washings, is made to a total 
volume of 10.0 ml. 

1 ml. is analyzed by Barker and Summerson's method for lactic acid 
(14), as modified by both Stotz (13) and us as follows: 1 drop of 4.0 per 
cent copper sulfate is added, followed by G.O ml. of concentrated sulfuric 
acid from a burette. The test-tube is cooled to 37°' by being placed in a 



V App.iratus for acr-ation of acetnUlchydo from refluxing reaction mixture, 
e air inlet tube is place^i in contact with the water-cooled condenser to condense 
any stetini that may back up during bumping. The sintered glass plug may be re- 
placed by a c.apillary opening. 

^^ter bath, and 2 drops (0.1 ml.) of the p-hydro.\ybiphcnyl solution are 
f *^^10 mixture is agitated vigorously and the test-tube put in the 
incubator at 37.5® for 30 minutcl The tube is placed in a boiling 
uater bath for 1.5 minutes and is then cooled to room temperature in a 
■"ater bath. The intensity of the violet color which develops is compared 
)vith that obtained from a standard alanine or zinc lactate (14) solution 
in the Klett photoelectric colorimeter with Filter 540. 

Although the molecular weights of alanine (S9) and lactic acid (90) are 
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nearly identical, calibration curves prepared for the determination of lactic 
acid (according to the method of Barker and Summerson (14)) cannot be 
used, because treatment mth copper-lime reduces the density of color. 
A separate calibration curve is therefore prepared either from a zinc 
lactate solution directly, the copper-lime treatment (14) being omitted, 
or from a pure alanine solution, according to the procedure outlined above. 



KLETT BEADING WITH 540 FILTER 

Fig. 2. Relationship between the amount of alanine converted and intensity of 
color obtained. The line was drawn by inspection through values obtained for 
alanine which had been added to blood together with varied amounts of glycine. 

It is evident (Fig. 2) that the relationship between the concentration of 
alanine and the intensity of color is linear between 20 and 100 y. The 
sensitivity of the method as described is limited approximately to 20 7 
of alanine in 5.0 ml. of blood filtrate (40 y per ml. of whole blood). For 
blood levels lower than this the sensitivity of the method may be increased 
by (1) making a more concentrated blood filtrate, (2) using a larger vol- 
ume of blood filtrate, (3) aerating the aeetaldehyde into a smaller volume 
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of bisulfite solution, and (4) rcdistillation of the bisulfite acetaldehyde 
solution into a smaller volume of bisulfite according to the method of 
Stotz (13). By one or another of these modifications as little as 0.5 mg. 
per cent of alanine in blood can be measured. 

By the method described no acetaldehyde or significant color could be 
obtained from any of the following substences, lactic acid, pyruvic acid, 
alan3dglycinc, benzoj'lalanine, yS-alanuie, threonine, serine, phenylalanine, 
glutamic acid, ti^Titophane, cystine, cysteine, valine, ornithine,^ lysine, 
a-amino-n-butyric acid, methionine, arginine, isoleucine, tyrosine, di- 
iodotyrosine, a-aminoisobutyric acid, proline, or hydroxyproline. 


DISCUSSION 

Decarboxylation and Deamination of Alanine by Ninhydrin ^The ex- 
planation for Mason’s (12) observation that incomplete decarboxylation 
of alanine occurred when it was treated with ninhydrin was found by us 


Table III 


pH 

Recovery of aspartic acid 
Ifom 500 Y 


y 

per cent 

4.0 

66 

13.2 

4.0 

67 

13.4 

4.5 

43 

9.0 

5.0 

40 

8.0 

5.5 

20 

4.0 


Procedure 


Autoclaved in sealed tube for 10 min. 
Aeration from refluxing mixture for U hrs. 

« « “ " “ U 

« .. “ “ li “ 

.. .. “ “ U “ 


to be due to the sloivness of the reaction. The theoretical yidd o ace a 
dehyde from alanine (0.02 to 0.2 mg.) could be obtained with 10 mg. o 
ninhydrin only after boiling the reaction mixture for at le^t 1 hour or y 
heating it in a sealed tube in an autoclave at 125° for 10 minutes. ^ ason, 
on the other hand, ran his reaction at boiling temperature for on y mmu es 
Mth 24 times the concentration of ninhydrin we used. Although mcrease 
of the concentration of ninhydrin does increase the rate o t e reac^ ion, 
the conditions used by Mason did not result in complete reaction, as m i 


cated by the evolution of COj. . . r> i r rn 

Interference from Aspartic Acid — ^If aspartic acid gives mo es o 2 
(12) during its reaction with ninhydrin, acetaldehyde must resu . 
finding of Virtanen et al. (5) that sufficient quantities of acetaldebycie vere 
formed from aspartic acid to interfere Avith the determinatiOT 0 a an 
if the reaction ivas conducted at pH 4.0 was confirmed. s 3^ 
acetaldehyde from aspartic acid can, however, be influence ^ . ^ 
at which the reaction takes place (Table III). When the reac i 
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carried out at pH 5.5 to 5.6, 4 per cent of the aspartic acid was determined 
as alanine, whereas no interference wth alanine recovery was noted 
(aeration method). 

Interference of Other Amino Adds — The measurement of acetaldehyde 
in a mixture of aldehydes resulting from the reaction of various amino 
acids with ninhydrin depends first upon the separation of the volatile 
acetaldehyde from the mixture. Although volatile aldehydes other than 
acetaldehyde are produced from several amino acids, most of them do not 
react with p-hydroxybiphenyl to give a colored compound. This reaction, 
first described by^Eegriwe (15) and subsequently used to measure lactic 
acid (14) and acetaldehyde (13), is highly, but unfortunately not com- 
pletely, specific for acetaldehj'de. We have found that besides acetal- 
dehyde, formaldehyde (obtained from glycine), isovaleraldeh)'de (from 
leucine), n-valeraldehyde (from norleucine), and n-butyraldehyde (from 
norvaline) react with p-hydroxybiphenyl to yield colored derivatives. In 
contradistinction to acetaldehyde which gives a violet color, formalde- 
hyde gives a blue-green color (14) and isovaleraldehyde and n-valeralde- 
hyde give a rose-pink color. n-Butyraldehyde, however, gives a riolet 
color, almost indistinguishable from that obtained with acetaldehyde. 

Although Virtanen cl al. (5) claim that no volatile aldehyde was pro- 
duced from a reaction mixture containing glycine and ninhydrin, it was 
found that formaldehyde is not only obtained quantitatively,* but also is 
sufficiently volatile with steam to interfere with the determination of 
alanine. This difficulty could be circumvented by separating the acetal- 
dehyde from formaldehyde by prolonged aeration of the refluxing reaction 
mixture. Such a procedure has been employed by Shinn and Nicolet 
(16) in their method for determining threonine. The acetaldehyde which 
was received into bisulfite was determined by the method of Barker and 
Summerson (14) wth slight modification. 

In the absence of glycine and aspartic acid, a prolonged aeration may 
be substituted by direct distillation of the acetaldehyde according to the 
method of Stotz (13). Since the reaction betw'een alanine and ninhydrin 
is relatively slow, sufficient time must be allowed for its completion. Heat- 
ing at 100° for 1 hour or in the autoclave at 17 pounds pressure for 10 
nunutes in a sealed tube is sufficient if 10 mg. of ninhydrin are used. In 
either case' the reaction must be run at a pH of 4.0, since it was found 
that at a higher pH substantial loss in acetaldehyde occurred. This 
w'ould seem to indicate that at a pH higher than 4.0 acetaldehyde must 
be removed as fast as it is produced in order to obtain quantitative 
recoveries, because w'ith the aeration method no loss was noted at pH 5.5. 

1 A method for measuring glycine based upon this reaction will appear in another 
publication. 
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Among other aldehydes which arc aerated from a refluxing mixture of 
amino acids during reaction with ninhydrin is isovaleraldehyde produced 
from leucine. A cold water trap, interposed between the still and the 
receiving bisulfite solution, did not prevent the isovaleraldehyde from 
being carried over quantitatively into the bisulfite. The recovery by 
Virtanen cl al. (5) of 94 to 101 per cent of alanine from a mixture of amino 
acids containing alanine and leucine cannot, therefore, be attributed to 
more efficient condensation by their still, since these authors used essen- 
tially the same technique of aeration as is reported here. More probably 
their apparentlj’ complete recovery of alanine is the result of an incre- 
ment of isovaleraldehj'de from leucine which offset the incomplete con- 
version of alanine to acetaldehyde because their reaction was allowed 
to run for 30 minutes only. These authors measured aldehydes by their 

Table IV 


Effect of Temperature on Reaction between p-H ydroxijbiphcnyl and Molecularly 
Equivalent Quantities of Various Aldehydes As Indicated by Kletl 
Readings with Filter BJfi 


Reaction 

temperature 

Acetaldehyde 
from alanine 

f»«Valera1de* 
hyde from 
norleucine 

rioButyraldehyde 

Isovaleraldehyde 

From 

nbrvaline 

Synthetic 

From 

leucine* 

Synthetic 









■H 




179 

150 




179 

167 

121 

126 

■■ 

1^ 

■■ 

114 

112 

77 

39 


* This leucine sample may have contained some alanine which could account for 
the discrepancy at 37® between the values obtained for leiicine and synthetic iso- 
valeraldehyde. 


bisulfite-binding power, a method which is not specific for any particular 
aldehyde. 

Effect of Temperature on Interference from Leucine, Norleucine, and 
Norvaline — ^When leucine was allowed to react with ninhydrin, the re- 
sulting aldehyde gave considerable color with p-hydroxybiphenyl. About 
5 parts of leucine gave the same intensity of color as 1 part of alanine. 
How much of this was due to leucine and how much to possible contamina- 
tion of the sample with alanine was difficult to ascertain. It soon be- 
came evident that the degree of color developed from a constant amount 
of leucine varied with the temperature of the sulfuric acid mixture when 
the p-hydroxybiphenyl solution was added. The effect of increasing 
the temperature at which this reagent was allowed to react ■with the alde- 
yde was to decrease considerably the intensity of color produced (Table 
V)- Under the same conditions acetaldehyde from alanine gave the same 
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degree of color as was obtained at lower temperatures. The colors pro- 
duced from three different samples (one sjmthetic) of leucine were not only 
greater than that produced from an equivalent amoimt of freshl.v redis- 
tilled isovaleraldehyde, but the colors also varied from one to another. 
Since the effect of increasing the temperature of the reaction with the 
sulfuric acid-p-hydro.\ybiphenyl mbcture upon the color produced from 
all samples of leucine was less than on the color obtained -with isovaleralde- 
hyde, it would seem that our leucine samples were contaminated nith 
alanine. .4n amount of isovaleraldehj'de equivalent to 22 parts of leucine 
is required to give a color of the same intensitj' as 1 part of alanine. About 
11 parts of our purest sample of leucine uill do the same. 

The interference from norlcucine and noiwaline was more difficult to 
circum%*ent. The corresponding aldehydes obtained from these amino 
acids in their reaction with ninhj'drin are n-valcraldebyde and »!-but}Tal- 
dehj’de respectively. .About 10.5 parts of norleucine or 6.5 of norra- 
line are required to give a color of the same intensity as 1 part of alanine. 
Here, too, the question arises concerning possible contamination of these 
preparsthas <?/ the amiw acids niffe aiasiac. 

The purity of our norleucine sample was not checked by comparing 
the color obtained from it with that produced by equivalent amounts 
of pure sjmthetic n-valeraldehyde. An increase of the temperature of 
the aldehyde-sulfuric acid mixture before the addition of the p-hj'drox}'- 
biphen}’!, however, had the same effect on the intensity of color as was ob- 
tained with isovaleraldehyde. B 3 ' raising the temperature to 37 ° the inter- 
ference from norleucine was reduced (Table 1^0- Tliis interference should 
occur infrequentl}’, since norleucine is a rare constituent of proteins (17). 

Similarly the color obtained from both sjmthetic JKbutjmaldehyde and 
the aldehj'de produced from the reaction of noivaline and ninhj'drin was 
decreased bj' miming the color reaction at a higher temperature (Table 
ItO- Equivalents of n-butj-raldehj’de and noiwaline were equallj' af- 
fected bj’ this procedure and the colors developed from each were of the 
same intensitj*. 

Alloxan, which according to Strecker ( 6 ) and Ruhemaim (7) reacts 
similarly to ninhydrin with amino acids, did not react quantitatively with 
alanine (0.2 mg.). Onij' a slight increase in acetaldehj'de production 
resulted from lowering the pH to 2 and increasing the concentration of 
alloxan 40 times. 


SUMM.\RT 

1 . A method is described for the microdetermination of a-alanine m 
blood. 
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2. Of twenty-four other amino acids tested, twenty gave no interference; 
the interference of tlirec was largely eliminated. Norvaline interfered 
at most to the extent that G parts were required to give the same color 
intensity as 1 part of alanine. 

Acknowledgement is due Miss Gertrude Weinberger for technical as- 
sistance. 
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A SPECIFIC MICROMETHOD FOR THE DETERMINATION 
OF ACYL PHOSPHATES* 

Bv FRITZ LIPMANN and L. CONSTANCE TUTTLE 
(From the Biochemical Research Laboratory, Massachusetts General Hospital, Boston) 

(Received for publication, rebruar 3 ' 14, 1945) 

During the last few j’ears it was observ'ed that anhydrides of carboxylic 
and phosphoric acids appear as internaediates in metabolism. For one of 
these, acetyl phosphate, a method of determination had been worked out 
(1), based on a differential precipitation of calcium acetyl and inorganic 
phosphate with subsequent phosphate determination in the separate frac- 
tions. Such a procedure, founded on a more or less fortuitous behavior of 
the acetyl phosphate, lacked a desirable specificity for the characteristic 
anhydride group. In this communication, a method is described which 
utilizes the reaction of acyl phosphates with hydroxylamine. The acyl part 
of the acid anhydride is converted into hydroxamic acid. 

R-COOPOr + HjNOH -► R-CONHOH + HOPOr 

The hydroxamic acid forms, with trivalent iron, a brightly purplish com- 
plex which in the past has been used for qualitative identification of acid 
derivatives after conversion into acyl chlorides (2), or of aldehydes (Angeli- 
Runini test) after reaction with nitrobydroxylamine (c/. (3)). An adapta- 
tion of this reaction for quantitative determination was not found in the 
literature, but conditions were obtained relatively easily for measuring, 
quantitatively and specifically, acyl phosphates with the color reaction. 
At high concentrations acid amides react somewhat with hydroxylamine, 
but not at concentration levels expected to occur in physiological experi- 
ments. 0.25 micromole of acyl phosphate, or 8 y of acyl phosphorus, is 
about the lower limit of the present method. 

Following the description of the method, a few examples will be given of 
determination of acetyl and phosphoglyceryl phosphate when formed vdth 
bacterial and muscle preparations. 

EXPERIMENTAL 

Outline — Since acyl phosphates are unstable even at moderate acidity or 
alkalimty, it was desirable to postpone deproteinization until after conver- 
sion into hydroxamic acids had taken place. The hydroxamic acids are 
Very stable compounds. The first step in this procedure, therefore, is the 
addition of an aliquot of the test solution to a slightly acid solution of hy- 

This research was supported by a grant from the Commonwealth Fund. 
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droxylamine. With a concentrated hydroxylamine solution less than 10 
minutes at room temperature are sufficient to convert acyl phosphate quan- 
titatively to hydroxamic acid. 

After the conversion to hydroxamic acid is completed, protein is most 
conveniently removed by trichloroacetic acid precipitation. To develop 
the color, the sample is strongly acidified by addition of hydrochloric acid 
and, without removal of the protein precipitate, a 5 per cent solution of fer- 
ric chloride is added. Depending on the concentration of acyl phosphate, 
the color shade will be from orange-brown to purplish brown, due to the 
presence of the yellow color of the iron ion. The main absorption of the 
purple iron complex is between 540 and 480 mju, at which ferric chloride does 
not absorb. 

In the procedure, as described below, the volumes are adapted to the 
conditions of the IClett-Summerson photoelectric colorimeter. With this 
instrument the whole procedure may be carried out in the same colorimeter 
tube if the protein precipitate is small. After centrifuging, a moderate pre- 
cipitate at the bottom of the tube does not disturb the measurement (4). 
If large protein precipitates are to be handled or the sample has to be clari- 
fied by filtration, a multiple of the stated volumes may, of course, be used. 
The relative concentrations of the reagents, however, have to remain con- 
stant. 

■ Reagents — 

Hydroxylamine solution. A 28 per cent solution of hydroxylamine hy- 
drochloride (4 m) is nearly neutralized by addition of an equal volume of 14 
per cent sodium hydroxide (3.5 m). The mixture has a pH of 6.4. This 
neutralized hydroxylamine solution is of limited stability and is best pre- 
pared daily from stock solution. The solution of hydroxylamine hy- 
drochloride may be kept for longer periods, preferably in the cold. 

Acetate buffer. A mixture of acetic acid and sodium acetate, both 0.1 m 
in 2:8 proportions, pH 5.4. 

Hydrochloric acid. 1 volume of concentrated acid is diluted with 3 
volumes of water. 

Ferric chloride. A 5 per cent solution of ferric chloride, GHjO, in 0.1 N 
hydrochloric acid. 

Trichloroacetic acid. 12 per cent. 

Procedure 

0.5 to 1 ml. of test solution (the pH may vary from 5.5 to 7.5) is added to 
a mixture of 1 ml. of hydroxylamine solution and 1 ml. of acetate buffer. 
The volume is adjusted to 3 ml. and the mixture kept standing for 10 mm- 
utes at room temperature. 

Thereafter, 1 ml. each of hydrochloric acid, trichloroacetic acid, and fer- 



F. LIPXIANN AND L. C. TUTTLE 


23 


ric chloride solution is added in the indicated order. The protein 
precipitate is removed by centrifugation or filtration and the color measured 
in the Hett-Summerson instrument. For the Evelyn colorimeter all 
volumes are doubled. The IQett Filter 54 or the Evel 3 m Filter 540 is used 
(Fig. 1). Readings may be taken after 5 to 30 minutes standing. If the 
samples are kept longer, the color fades slowly. 

The procedure may be interrupted for periods up to 20 hours, and prob- 
ably longer, after addition of trichloroacetic acid without the hydrochloric 
acid. At that rather weak acidity, pH 6.1, the hydroxamic acid is stable. 



ACETYL PHOSPHATE lUCROMOLES IH 6 ML- 

Fig. 1. Proportionality between color and acetyl phosphate concentration when 
measured with the Klett and with the Evelyn colorimeters. 

but after standing with the strong hydrochloric acid a slow decrease of color 
was observed. 

Specificily — As described, the method may be considered specific for 
carboxylic acid anhydrides. In concentrated solution and on heating, acid 
amides and, to a lesser degree, esters will react with hydroxylamine in a 
similar manner. Aldehydes yield hydroxamic acids only when heated tvith 
nitrohydroxylamine or N-benzenesulfonylhydroxylamine (c/. (3)). They 
do not require consideration under our conditions. Relative data for a 
number of compounds are assembled in Table I. It appears that acet 3 ’l, 
Propionyl, and butyryl phosphate (1) produce practically equal color, mole 
per mole. As a representative for water-stable purely organic anhydrides, 
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succinic anhydride was tried. The color intensity was somewhat less udth 
succinic anhydride than with acetyl phosphate. The data of Table I show 
furthermore that at physiolo^cal concentrations acid amides and esters 
may be neglected under our conditions. 

Standard Solutions — In our experiments solutions of acetyl phosphate 
were used, derived from pure silver acetyl phosphate. Its preparation has 
been described previously (1). A very satisfactory standard solution is 
obtained, however, with the commercial succinic anhydride preparation 
(Eastman). For this purpose the compound, which is onl}^ slightly soluble 
in water, is immediately converted into the soluble monohydroxaraic acid 
by dissolving in a concentrated hydroxylamine solution. We dissolve, in a 
100 ml. volumetric flask, 1.0 gm. (10 mw) with 40 ml. of the 2 m hydroxyl- 
amine solution used in the method, wait 10 minutes, and fill to the mark with 
water. This stock solution may be kept for some time. 1 ml. of a 40 times 


Table I 

Relative Color Given hy Various Compounds at Equal Concentration 


CompouDd 

Color 


per cent 

Acetyl phosphate 

100 

Propionyl phosphate 

98 

Butyryl phosphate 

97 

Succinic anhydride 

80 

Acetamide . 

0.2 

Glutamine. , 

0.07 

Ethyl acetate . 

0.04 


diluted stock solution gives a color equivalent to 2.0 micromoles of acetyl 
phosphate. We found recrystallization unnecessary. The color was con- 
sistently 80 per cent of the acetyl phosphate equivalent. 

Furthermore, it was found that a 0.005 m solution of acetamide, when 
heated in boiling water for 15 minutes with twice its volume of 5 M 
hydroxylamine hydrochloride in 4.5 n sodium hydroxide, yields quantita- 
tively hydroxamic acid.* In this manner a standard solution of acethy- 
droxamic acid may be prepared identical with standards obtained with 
acetyl phosphate. For this purpose, one takes 1.5 ml. of the heated solution 
and 1 ml. of acetate buffer plus 0.5 ml. of water and proceeds as described. 

Interfering Substances — ^A number of anions depress the intensity of the 
color (Table II), presumably by forming iron complexes. We find that at 

‘ Preliminary studies on a method for determination of acid amides gave encourag- 
ing results with acetamide. Unfortunately, however, the biologically interesting 
glutamine appears much less reactive with hydroxylamine. 
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least they do not interfere ■with the reaction between acyl phosphate and 
hydroxylamine. Thus fluoride in higher concentration causes appreciable 
depression and to a somewhat lesser degree phosphate, oxalate, and sulfate 
may interfere. Citrate was found without influence in similar concentra- 
tions. It seems possible, however, that other compounds, besides the ones 
tested, may have similar effects. In the cases considered, the permitted 
concentrations ■will generally be high enough to allow the use of the method 
without modification even in the presence of fluoride or phosphate. With 
higher concentrations of these anions, it was usually sufficient to use standard 
solutions containing analogous concentrations of the interfering anions. 
With very high concentrations, it is preferable to remove the fluoride and 
phosphate before the color is developed. For this purpose, we remove 
the protein with zinc hydroxide, adding calcium chloride to the zinc 
chloride solution. All volumes were doubled and after incubation ■^vith 


Table II 

Depression of Color Intensity by Certain Anions 


AnioD 

Amount in 6 ml. 

Depression 



per cent 

Fluoride 

100 

33 


50 

7 


25 

0 

Phosphate 

100 

13 


50 

4 

Oxalate 

150 

14 


30 

0 

Sulfate... 

200 

8 


hydroxylamine 1 ml. was added of a solution containing 3.4 per cent in zinc 
chloride, 5.6 per cent in calcium chloride, and 1 ml. of 0.3 N sodium hy- 
droxide. The combined protein, calcium, and zinc precipitate was re- 
moved. To 4 ml. of the filtrate 1 ml. each of the hydrochloric and ferric 
chloride solutions was added. 

Examples for Determination of Biologically Formed Acetyl and 
Phosphoglyceryl Phosphate 

A certain incompleteness was felt in the identification of metabolic acyl 
phosphates, since they had not been characterized by an organic chemical 
reaction typical for acid anhydrides. The instantaneous and quantitative 
conversion of acyl phosphates into hydroxamic acids furnishes now a test of 
the desired type. The present confirmation of the anhydride nature of 
metabolic acetyl and phosphoglyceryl phosphate thus completes the e^vi- 
dence already accumulated. 
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In Table III data are given for pyruvate oxidation with an extract of lac- 
toiacillus delhrueckii. Oxygen consumption was measured manometrically 
and after 30 and 60 minuteSj 0.15 ml. Avas taken to determine acetyl phos- 
phate with the new method. The experiment is comparable to those re- 
ported earlier (5) with such enzyme preparations in Avhich the phosphate 
precipitation method had been used. The initial phosphate concentration, 
howcA^er, Avas someivliat higher in the present case. Comparison between 
oxygen consumption and acetyl phosphate formation (last column, Table 
III) shoAVS that the theoretical value of 1 (5) for the quotient (acetyl phos- 
phate)/ (oxygen) is reached here more closely than in earlier experiments. 
This close approach most probably is due to the presence of high phosphate 
concentration Avhich inhibits acetyl phosphate breakdoAvn (Utter and Werk- 
man (6)) and furthermore to an avoidance in the present method of loss 
during deproteinization and subsequent manipulation. 

Table III 

Acelyl Phosphate Formation in Extract of Lactobacillus delhrueckii 
1 ml. of bacterial extract, prepared as described previously (5), containing 0.15 m 
phosphate and 0.02 si fluoride, was shaken with air at 36° in the Warburg apparatus. 
100 micromoles of pyruvate were added at zero time. 


Incubation tune 

-0. 

Acetyl phospbate 

Acetyl phosphate 

0, 

fnift. 

miercmcUj 

miermphs 


30 

11.2 

10.6 

0.95 

60 

20.1 

19.1 

0.95 


Since the discovery of phosphoglyceryl phosphate by Warburg and his 
collaborators (7, 8), to our knoAvledge the only more extensive paper dealing 
with this substance is the report by Buecher (9) on the isolation of a yeast 
enzjme which catalyzes phosphate transfer betAveen pbosphoglyceric acid 
and adenyl pyrophosphate. In these studies a rather complex photometric 
method Avas used for the determination of phosphoglyceryl phosphate, based 
on its enzymatic reaction with reduced . cozymase. With the hy- 
droxylamine method phosphoglyceryl phosphate may be determined noAV 
Avith greater ease. 

We Avere particularly eager to carry out experiments Avith muscle prepara- 
tion, because the observations of Warburg’s laboratory referred exclusively 
to yeast enzymes. Even in as crude a preparation as redissolved acetone 
precipitate of muscle extract, anhydride formation could be demonstrated 
easily Avith oxidation of phosphoglyceraldehyde as aa'cII as Avith the transfer 
of phosphate from adenyl pyrophosphate to phosphoglycerate. Theacetone 
preparation used Avas prepared from cat muscle, according to Jandorf d al. 
(10). Data in Table IV are given in acetyl phosphate equivalents, since 
isolated phosphoglyceryl phosphate was not available for a determination of 
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the absorption coefficient. With crude yeast e.xtracts similar results were 
obtained. 

Table IV 

Phosphoglyccryl Phosphate Formation in Muscle Extract 
1 ml. samples of a 10 per cent solution of acetone precipitate of cat muscle extract 
were incubated in open test-tubes at 20°. The final volume was 2 ml. and all samples 
contained sodium fluoride in 0.02 M concentration. The substrates were added as 
the sodium salts; the given concentrations refer to final volume. The incubation 
time was 40 minutes. 


Experiment No. 

Substrates 

Acyl phosphate 

1 

Hexose diphosphate, 0.04 M 

micromoles 

0.6 


" “ 0.04 “ and pyruvate, 0.1 M 

4.9 


Pyruvate, 0.1 m 

0.3 

2 

Phosphoglycerate, 0.02 m 

2.0* 


“ 0.02 adenyl pyrophosphate, 

0.02 M 

10.7 


Adenyl pyrophosphate, 0.02 M 

0 


* Some creatine phosphate and adenyl pyrophosphate were present in the mus- 
cle extract. 


Table V 

Acyl Phosphate Formation on Addition of Oxalacetale to Muscle Extract* 
Conditions were the same as in the experiments of Table IV, except that fluoride 
was added as indicated below and the incubation time was 20 minutes. 


Experi- 
ment No. 

Additions 

Acyl 

pliosphate 

Kemarks 



micromoles 


1 

None 

0 

0.02 M fluoride and 


Pyruvate, 0.1 m 

0.4 

0. 01 M adenyl pyro- 


Oxalacetate, 0.03 m 

3.6 

phosphate in all 


Ketoglutarate, 0.05 M 

0.5 

samples 


Citrate, 0.02 m 

0 



Acetate, 0.04 M 

0.3 


2 

Oxalacetate, 0.03 M, fluoride, 0.02 m 

2.6 



Same 0.02 M adenyl pyrophosphate 

3.0 



Oxalacetate, 6.03 M (no fluoride) 

0.3 



* Oxalacetic acid was prepared from commercial ethyl oxalacetate by acid hy- 
drolysis (11). According to the test with the aniline method at 26°, our preparation 
contained at least 90 per cent oxalacetic acid; titration corresponded to 100 per cent 
oxalacetic acid. Blanks of this preparation without enzyme showed no color; cf. 
also the experiment without fluoride on the last line of the table. 

lu order to explore anhydride formation with other acids, adenyl 
pyropho.sphate was combined with a variety of metabolic intermediates. 
As shown in Table V, results were negative with the e.xception of oxalacetic 
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acid. From Experiment 2 in Table V, however, it appears that the color 
giving substance scarcely originates through phosphate transfer from adenyl 
pyrophosphate {cf. (12)); its formation occurs without addition of adenyl 
pyrophosphate and should rather be due to a metabolism of oxalacetate in 
the muscle preparation. Unlike acetyl phosphate, which is decomposed 
with great rapidity by muscle e.xtract, the compound found with oxalace- 
tate appears to be fairly stable and in this respect resembles phosphoglyc- 
eryl phosphate. It should be mentioned that besides acetjd and phos- 
phoglyceryl phosphate, none of the known phosphate esters, including 
phosphopyruvate, gave a colored product with hydroxylamine, nor did 
oxalacetate without the muscle preparation. The fact that pyruvate does 
not react analogously seems to make it unlikely that the color with oxalace- 
tate may be due to phosphoglyceryl phosphate, formed by oxidation of 
carbohydrate sources in the extract. As shown in Table V, fluoride is 
needed for formation or stabilization of the product. 

SUAIMARY 

1. A micromethod is described for the determination of acyl phosphates, 
ft is based on the conversion of these compounds into hydroxamic acids and 
colorimetric estimation of a purple ferric hydro.xamic acid complex. 

2. Experiments are reported, with this method, on acetyl phosphate 
formation with bacterial extracts, and phosphoglyceryl phosphate forma- 
tion with crude muscle preparations. An unidentified substance yielding 
hydroxamic acid was found to appear when oxalacetate is added to muscle 
extract. 
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DENSITIES AND SIZES OF THE INFLUENZA VIRUSES A (PR8 
STRAIN) AND B (LEE STRAIN) AND THE SWINE 
INFLUENZA VIRUS* 

Br D. G. SHARP, A. R. TAYLOR, I. W. McLEAN, jB.,t DOROTHY BEARD, 

AND J. W. BEARDt 

{From the Department of Surgery, Duke University School of Medicine, 
Durham, North Carolina) 

(Received for publication, March 5, 1945) 

Studies with the electron microscope have shown that the influenza 
viruses A (PR8 strain) (1) and B (Lee strain) (2) and the Swine influenza 
virus (3) consist of rounded or bean-shaped particles of variable size and 
internal structure. The distribution of the sizes of the particles of a given 
t3T)e of the virus has been substantiated qualitatively by means of sedi- 
mentation velocity studies (4). Chemically the particles consist of protein, 
lipid, and carbohydrate with w’hich there is associated nucleic acid of the 
desoxypentose type (5). 

Estimates of the average size of the influenza virus particles have been 
made by means of the electron microscope and from sedimentation velocity 
data. In the initial ivork with the electron microscope, calibration was 
based on measurements of the widths of tobacco mosaic virus rods (1-3). 
Subsequent recalibration of the instrument has resulted in higher values 
(4) which are believed to be more nearly correct. Estimations of size were 
made (1-4) also from sedimentation velocity data in conjimction with values 
of the reciprocals of the partial specific volumes of the viruses determined 
■with the pycnometer. It was recognized, however, that accurate knowl- 
edge of particle density in a medium compatible with the existence of the 
particle in its native state must be available if true sizes are to be calculated 
from sedimentation data. 
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Influenza and Other Epidemic Diseases in the Army, Preventive Medicine Service, 
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by a grant to Duke University from the Lederle Laboratories, Inc., Pearl River, 
New York. 
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Probably the most direct method of determining the density of small 
particles in suspension is that of varying the density of the dispersion me- 
dium and noting the change in the sedimentation rate of the particles in a 
suitable centrifugal force field. Attempts have been made to use this 
method for studying the density of virus particles, materials such as sucrose, 
glycerol, urea, and sodium chloride being employed to vary the density 
of the suspending medium. It has been found (6-8) that under these 
conditions alterations occur in the behavior of the virus particles. In a 
recent report from this laboratory, horvever, a system was briefly described 
(9) in which influenza virus A (PUS strain) was sedimented in bovine al- 
bumin solutions of various densities and the relationship obtained over 
the range of density available for study indicated an ideal beha\dor of the 
particles. In the present paper the method will be described in more 
detail, and the results obtained with influenza virus B (Lee strain) and the 
swine influenza virus will be given. These findings, together with data on 
the partial specific volume of these types of virus obtained in previous work 
and in the present study, viil be discussed in connection with existing chemi- 
cal and physical information to the end of obtaining a more accurate con- 
cept of the elementary influenza virus particle. 

Materials and Methods 

The three types of virus used were influenza viruses A (PUS strain) 
and B (Lee strain) and the swine influenza virus, rvhich were studied 
previously wth respect to purification (1-3), chemical constitution (5), 
and physical properties (4). 

Purified virus w'as obtained by concentration of the respective types of the 
virus from large pools of virus-infected chorioaflantoic fluid from chick 
embryos by means of (1) adsorption on and elution from chicken red blood 
cells, followed by ultracentrifugation, or (2) preliminary concentration in 
the Sharpies supercentrifuge, followed by ultracentrifugation. 

Details of the procedures for preliminary concentration of the influenza 
viruses by adsorption on and elution from chicken red blood cells (1-3) 
and by large scale centrifugation in the Sharpies centrifuge (10) have been 
reported. Further purification was then effected by treatment in the air- 
driven ultracentrifuge. Eluates or centrifugates in Ringer’s solution (1) 
were spun in the angle centrifuge at 2000 g. The supernatants were then 
parceled into 15 ml. collodion tubes and spun for 1 hour at 20,000 g in the 
ultracentrifuge. The resulting clear, gel-like pellets were resuspended in 
Ringer’s solution and spun at 5000 g in the ultracentrifuge for 5 minutes. 

The concentrates e.xhibited a single, slightly diffuse boundary in the 
analytical ultracentrifuge (4) and a high degree of uniformity of partic e 
kind in electron micrographs. In practically all instances such concentrates 
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of influenza vims A and the s^vine influenza vims gave values for the partial 
specific volume which did not change with further treatment of the vims. 
To obtain constant values Avith influenza vims B, however, further purify- 
ing ultracentrifugation was often necessary, particularly when preliminary 
concentration had been effected by centrifugation. The concentrates 
containing 100 to 400 mg. of vims were diluted to 120 ml. with Ringer’s 
solution, parceled into 15 ml. ultracentrifuge tubes, and spun in the quantity 
ultracentrifuge head quickly up to and down from 6000 g. The vims was 
sedimented again at 20,000 g for 1 hour, resuspended at high concentration, 
, and spun at 5000 g for 5 minutes. 

The bovine albumin was a 25 per cent solution in 0.9 per cent NaCl 
solution of a crystalline fraction which Dr. Hans Neurath obtained from the 
Armour Laboratories, Chicago, Illinois, through the courtesy of Dr. E. J. 
Cohn, Harvard Medical School, and Dr. H. B. Vickery. To this albumin 
solution were added the calculated quantities of the salts requisite to make 
the solvent medium equivalent to Ringer’s solution (11), consideration be- 
ing taken of the volume actually occupied by the albumin itself. Dilutions 
of the stock albumin solution were made with Ringer’s fluid. Vims in 
Ringer’s solution at pH 7.3 to 7.5 was added to the bovine albumin of 
various concentrations, and the mixtures were brought to room tempera- 
ture. To obtain vims in the highest concentration of albumin, 25 per cent, 
the appropriate amount of vims was sedimented in the ultracentrifuge 
and resuspended in the albumin solution. The concentration of vims in 
the albumin solution was 2.0 mg. per ml. of influenza vims A, 1.76 mg. per 
ml. of influenza vims B, and 3.0 mg. per ml. of the swine influenza vims. 
The time elapsing between addition of albumin and recording of the sedi- 
mentation diagrams was never greater than an hour and was generally 
about 20 minutes. The rotor temperature was recorded for each mn. 

Viscosity me^urements on the albumin in Ringer’s solution at 25° were 
made by Dr. John Erickson. It has been assumed that the change in 
viscosity of the albumin solution with temperature was the same as that for 
water. Any error introduced by this simplification wmuld be small, because 
all centrifuge rans were made near 25° and the error would be random, 
for some mns w'ere below and some above 25°. 

Density of the albumin solutions W'as measured with the pycnometer in a 
thermostat at 25°. 

For the studies with sucrose, a 64 per cent solution of sucrose (Pfanstiehl) 
in Ringer’s solution was prepared. By appropriate mixture of this with 
Ringer’s solution and concentrated virus, samples' containing 3.0 mg. of 
virus per ml. with the required sucrose content were made immediatel}' 
before the sedimentation run. Sucrose ATSCOsity corrections were taken 
from the data of Bingham and Jackson (12), and the density values from 
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standard tables. Because of the presence of the salts of Ringer’s solution, 
the viscosity and density values given in the tables are not precise in relation 
to the conditions of this experiment. 

An air-driven uJtracentrifuge (13) was used for the sedimentation velocity 
determinations. The mean rotor radius was 6.5 cm., and the cell height 
was 1.2 cm. The progress of sedimentation in the region of 25° was re- 
corded by the Lamm scale method, and sedimentation rates were calcu- 
lated as previously described (4). 

For estimation of partial specific volume, the ultracentrifuge concen- 
trates containing 14.0 to 23.0 mg. of virus per ml. were brought to room 
temperature (about 25°) ; air was removed by placing the vial containing 
the preparation in a small suction flask and evacuating three successive 
times to the point where the concentrate began to boil. A sample of the 
Ringer’s solution was treated at the same time in order to control the slight 
concentration effect due to the evacuations. Virus concentration was then 
calculated by conversion of micro-Kjeldahl nitrogen determinations made 
in duplicate, ivith the appropriate factor for each type of virus (5). The 
•calibrated 2 ml. capped pycnometer was then filled with chilled virus sus- 
pension and equilibrated in a water bath at 25° i 0.05°. Weighingswere 
made on a micro balance with calibrated weights, a duplicate pycnometer 
being used as a counterbalance. Solvent density determinations were taken 
from the average of at least three individual equilibrations and weigh- 
ings. The partial specific volume was calculated by means of the equation 
given by Kraemer (14). 

Results 

The experiments have consisted of studies on (1) the sedimentation 
velocity of influenza viruses A (PR8 strain) and B (Lee strain) and svdne 
influenza virus in bovine albumin solutions of different densities; (2) the 
sedimentation velocity of the swine influenza virus in sucrose solutions of 
different densities; and (3) the partial specific volumes of the three tjpes 
of influenza virus estimated with the pycnometer. The studies with the 
pycnometer were made to obtain data to supplement those previously re- 
ported (4). 

Sedimentation Velocity of Svnne Influenza Virus in Sucrose Solutions 
The results of the experiments with sucrose are given in Fig, 1, which shows 
the relation of the virus sedimentation rate, S, to the density, p„ of the sus- 
pending medium. The ordinate, nS, is the product of the observed sedi- 
mentation rate and the viscosity (relative to water at 25°) of the suspending 
medium. The abscissa is the density of the sucrose solution at 25°. The 
e.\perimental points obviously are not distributed in a linear fashion, and 
through them the curve was drawn as described beloiv. Extrapolation o 
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this curve would result in an intercept with the abscissa at about the value 
Pt = 1.19 for the density of the suspending medium. 

From these findings, it is seen that the change in the sedimentation rate 
of the virus particles was not related wholly to the increase in the density 
of the medium. On the contrary, the curved nature of the relation of 
ijS to p, shows that vith increase in p,, the values of tjS remained higher 
than would have been the case if the increase in the density of the suspend- 
ing medium had been the sole influencing factor. It is thus evident that 
changes occurred in the physical properties of the virus particles which re- 
sulted in findings compatible with the assumption that particle density 



%0 105 UO tJ5 120 


Density of Sospending Medium 

Fig. 1 . Swine influenza virus. The sedimentation rates given in Svedberg units 
corrected for relative viscosity but not for density are plotted against the density of 
the suspending medium. Two different virus preparations were sedimented in bovine 
albumin solution, and the data are represented by the open and closed squares, respec- 
tively. One of these preparations (closed squares) was sedimented also in sucrose 
and the resulting data are shown by the open circles and the curve drawn through 
them. The tangent drawn to the curve at the density 0.9982 of the suspending 
medium is shown as a dotted line. 

mcreased in relation to, though not in proportion to, the concentration of 
sucrose. 

On further investigation of these changes in the sedimentation characters 
of the sivine influenza virus, it was found that the extent of the alterations 
of the virus particles is dependent on the time of contact of the particles with 
the suspending medium. The results were qualitatively similar to those 
which Were found with influenza virus A (PR8 strain), as illustrated in a 
pre\dous report (9). Influenza virus A suspended in Ringer’s solution 
Containing 11 per cent sucrose exhibited at first a rapid and significant in- 
crease in sedimentation rate ((9) Fig: 1). With time, in this instance about 
2.5 hours, the maximum value was obtained, and thereafter a gradual de- 
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crease in the sedimentation rate occurred. At the end of 28 hours, an 
interval not described in the previous report (9), the declining rate of 
sedimentation had reached a level close to that observed when the virus 
particles had been in contact with sucrose the shortest time possible for 
study. 

Results qualitatively similar to these irith the influenza viruses have been 
observed by Smadel, Pickels, and Shedlovsky (8) in studies on the ele- 
mentary bodies of vaccinia. These authors, citing a number of possible 
explanations of the findings, concluded that the various phenomena were 
subject to elucidation on the assumption that the changes in particle be- 
havior were due to osmotic irithdrawal of water from the particles by the 
sucrose with consequent increase in particle density. It should be noted 
here for subsequent discussion that this hypothesis, while accounting for 
the increase in the sedimentation rate of the particles in a sucrose solution 
of given concentration, does not suffice to explain why there is a subsequent 
decrease ivith time. 

The meaning of the curvilinear relations of Fig. 1 with respect to their 
bearing on the density of the virus particles in their native state is of un- 
’certain significance. Interpretations have been made of such results by 
/'constructing a tangent to the curve (8) at the point corresponding to p. = 

1 .00. The tangent is then extended to intercept the abscissa, and the value 
of the solvent density, p„ at this intercept has been taken (8) to represent 
the density, p„ of the virus particle in the absence of sucrose. 

The observed data for the swine influenza virus sho^vn in Fig. 1 are closely 
approximated by the relationship 

,5 = iC, - K,{p. - 1) -f K,(p, - 1)» 

which was used with appropriate constants to draw the curve. The slope 
of a tangent drarni at any point on the curve is then given by 

, = -K, + 2K,(p, - 1 ) 
o(pj — 1 ) 

which for small values of (p, — 1) should be nearly constant. The tangent 
draivn by this means through the point corresponding to the density of 
water at 20° (p, = 0.9982) intercepts the axis at 1.148. Interpreted in the 
manner of Smadel, Pickels, and Shedlovsky, this result would indicate a 
density of 1.148 for the sudne influenza i-irus in the absence of sucrose. 

The significance of the tangent to the curvilinear relation is dependent 
on the validity of the assumption that the relation of tjS to (p. — 1) ap- 
proaches a straight line in the region of p, = 1.00 and, further, that such a 
linear relation would describe the behavior of the particles in a medium in 
which no change occurred in the character of the particles. In the investi- 
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gations with the swine influenza virus and, as well, with the elementary 
bodies of vaccinia (8), there were insufficient data either to show that the 
relation became linear in this region or for judging the extent of variation of 
the observed results from those expected under ideal conditions. Further- 
more, a tangent drawn to the cun'e, j;<S versus {p, — 1), may be used to 
calculate the density of the sedimenting unit at a particular value of p, 
chosen only if ijiS depends on p, alone. On the contraiy, however, it has 
been observed that is not constant for a given p, of the sucrose solution.s 
but varies significantly w'ith time. It is thus clear that measurements of 
TjS used to plot the cunn ijiS versus (p, — 1) will be different at different times 
and, consequently, such a calculated density of the sedimenting unit is 
likewise dependent on time. The sedimentation studies on the swine 
influenza \'irus,like those on the vaccinial elementary bodies (8), were made 
quickly after mixture of virus with sucrose solution, a period of time in 
which change in the virus particle is most rapid (8, 9). From these con- 
siderations and the results obtained with the bovine albumin experiments 
described below, then, it W'ould appear unlikely that density values ob- 
tained from use of the tangent necessarily provide any information relative 
to the density of the particles in the native state. 

Sedimentation of Influenza Viruses in Bovine Albumin Solution — Utiliza- 
tion of bovine albumin to vary the density of the suspending medium in 
the present experiments was prompted by the possibility that the change 
in the behavior of the virus particle in sucrose solutions may be due, as sug- 
gested, to the withdrawal of water from the virus particle caused by the 
osmotic pressure of the medium outside the particle. Addition of bovine 
albumin to Ringer’s solution to the extent of 25 per cent increases the os- 
motic pressure of the solution by an amount approximately equivalent to 
the osmotic pressure of 0.002 m NaCl. In contrast, the osmotic pressure 
of a 25 per cent solution of sucrose corresponds approximately to that of 
0.366 M (2.14 per cent) NaCl. The ratio of the osmotic pressure of bovine 
albumin to that of sucrose of the same percentage concentration is given by 
the inverse ratio of the respective molecular w'eights; namely, 342/70,000. 

Experiments were done on the sedimentation of two different batches of 
swine influenza virus in a series of bovine albumin solutions of different 
densities. The results are sho^vn in Fig. 1. The findings with two batches 
of influenza virus B are shoAvn with similar symbols in Fig. 2. Data ob- 
tained with two batches of influenza virus A have been published else- 
where (9). 

From inspection of these data as a whole, there is no consistent evidence 
of curvature of the relations between sedimentation rates, ijS, and the den- 
sities, p,, of the suspending medium. Instead, the observed points appear 
to be arranged in an essentially linear fashion. For the group of data of 
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each type of the virus, a straight line was draini through the points by the 
method of least squares. The various points are seen to lie close to the 
respective lines. The apparent goodness of fit is substantiated by the re- 
sults of statistical analysis of the findings, which show that the deviation of 
the observed points from the straight line is well within the limits of error of 



Fig. 2 Fio. 3 

Fio . 2. Influenza virus B (Lee strain) . The sedimentation rates given in Svedberg 
units corrected for relative viscosity but not for density are plotted against the 
density of the albumin solution. Two different virus preparations were sedimented 
in bovine albumin solution and the data arc represented by the open and closed 
squares. 

Fio. 3. Summary of the sedimentation characteristics of the three types of influ- 
enza virus in bovine albumin solutions of different densities. The sedimentation 
rates, e.xpressed in Svedberg units, were corrected for the relative viscosity but not 
for the density of the bovine albumin solution. 

the method of centrifugal study. The lines obtained trith the respective 
types of influenza virus are compared in Fig. 3. 

In order to learn whether or not any change in tjS occurred with time of 
contact of the virus with the bovine albumin, the sample of influenza virus 
B (Lee strain) was studied at various intervals of time after mixing with the 
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highest concentration of bovine albumin used. The total elapsed times 
from mi.ving the virus with the 25 per cent albumin solution until sedimen- 
tation pictures were made were 48, 138, 226, and 313 minutes, for which the 
following corrected sedimentation rates, ijS, resulted: 309, 303, 323, and 
313 X 10"”, respectively. Although a possible increase W'as seen within 
the longer periods, it was thought likely that studies made within an hour 
would give values unaffected by possible changes due to the influence of the 
albumin. These are the same conclusions as those reached from data on 
influenza virus A (PR8 strain) at albumin density 1.037, as pre\iously 
reported. 

The degree of success of obtaining an estimate of the actual density of the 
virus particle in its native state by a method of this nature would be ex- 
pected to be dependent on a number of factors. Electron micrographs 
show that the particles of the three types of influenza ^drus are approxi- 
mately spherical. The sedimentation behavior of the particles w'ould then 
be closely approximated by that of a sphere for which the equation of dy- 
namic equilibrium for the centrifuge is as follows: 


4 , , 

-xrupo — = 6ri)ir — 


( 1 ) 


In this equation R is the distance at time t from a particle of radius r to 
the center of the centrifuge rotor. The angular velocity of the rotor is to; 
the difference between the density of the virus and that of the suspending 
medium is — p,; and 771 is the absolute viscosity of the suspending me- 
dium. Substitution of the sedimentation constant, which is by definition 
S = (dR/dl), in Equation 1 results in the simplification 

IrHp,- p.) =ZmS ( 2 ) 

From Equation 2 it is seen that under ideal conditions a linear relationship 
should exist betwuen density of the suspending medium and the product 
i)iS for any given particle density, Pv, and that rjiS — > 0 as (pc — p«) Oj 
indicating the limiting density of the virus particle. 

The applicability of the theoretical considerations to estimation of the 
density of the virus particles is dependent chiefly on the constancy of both 
the size and the density of the particles despite the changes in the densitj 
of the dispersing medium. As noted above, the influenza ^'irus particles 
are close enough to the spherical shape to fulfil the conditions of Stokes 
law. Direct evidence of whether the size and density of the \drus particles 
did or did not change is not available. However, the relation of the cor- 
rected sedimentation rate to the density of the albumin solution is essen- 
tially linear. If the relation is actually linear, it may be concluded, as 



38 


INFLUENZA VIRUSES 


indicated in Equation 1, that no change occurred in the size of the particle. 
A possible change in particle density is highly improbable, since such a 
change would ha\'e had to be a linear function of the density of the dispers- 
ing medium. Further evidence for the absence of change within the 
conditions of the experiments was obtained in studies on both influenza 
idrus A (PR8 strain) as previously reported and on the influenza virus B 
(Lee strain) in the present work. 

Assuming that the relation is linear, for which the data provide good evi- 
dence, calculations were made of the particle density of the three types of 
influenza virus. For this Equation 2 was used, and the resulting values are 
shown in Table I. These \mlues, 1.104, 1.104, and l.lOO, represent the den- 


Table I 

Sedimentalion Constant, Density, Mean Diameter, Partial Specific Volume, and Water 
Content of Influenza Viruses 



Influenza vims A i 
(PR8 strato) 

Influcara vims B 
(Lee strain) 

Swine induenzs 
virus 

..Jimentation constant* | 

742 X I0-“ 


727 X ir» 

iDensity in aqueous suspension 

I.IW 


1.100 

Diameter, from sedimentation 




velocity data, ntp 

116 

124 

117 

Diameter, from electron micro- 




graphs; direct calibration, mp* 

101 

123 

96.5 

Partial specific volume ... 

0 822 


0.850 

Water content, % by volume 

S2.0 

34.5 1 

43.3 


* Data previously published (4). 


sities of the sedimenting units of influenza viruses A and B and the stvine 
influenza virus, respectively, including water motdng ivith the particles. 
The sizes of the particles under these conditions may be calculated from 
their densities as given in Table I and the respective sedimentation con- 
stants obtained by extrapolation to infinite virus dilution as previously 
reported (4). The average sizes obtained in this wa3" (Table I) were 116, 
124, and 117 mp, respectively, A close approximation to the particle sizes 
may be obtained directly from the data on sedimentation in albumin solu- 
tion from the slopes of the lines of Fig. 3. The slopes of the respective lines 
are given by the first derivative of Equation 2 

(3) 

dp, 9 

from which it is seen that 



2 


( 4 ) 
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Although Equation 4' is attractively simple, it gives values in these experi- 
ments which are 3 to 5 per cent lower than those calculated as described 
above by using values of S obtained from a separate experiment extrapo- 
lated to zero concentration of virus and the densities calculated from the 
straight lines of Fig. 3. The reason for this probably lies in the dependence 
of S on virus concentration, which tends to reduce the slope of the line. 
This should, however, have no influence on the determination of limiting 
density, for its influence diminishes with S and approaches zero ivith it. 

Partial Specific Volumes of Infiuema Viruses — The values obtained for 
the partial specific volumes of the three types of virus are given in Table II. 
Each tabulated value is the average of two or three independent replicate 


Table II 

Partial Specific Volumes of Infiuema Viruses 


Influena virus A (FR8 strain) Influenza virus B (Lee strain) Swine influenza virus 


D , Virus ParUal Prepa- Virus Partial 

Prep«a- ccntrif- ^^ncen- specific ration concen- specific 

tionNo. ^ugal tjjtion volume No. tration volume 


Prepa- 

ratfon 

No. “S';' 
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Preparation 30 gave a value of 0,862 after the second ultracentrifugal sedi- 
mentation, and this was not changed by additional sedimentation. Prepara- 
tion 32 gave the value 0.863 only after three ultracentrifugal sedimentations. 
Since there was insufficient material remaining of either Preparation 30 or 
32 to permit further ultracentrifugation, the two preparations, both having 
had three ultracentrifugal cycles and both giving essentially identical values 
for partial specific volume, were combined for a fourth ultracentrifugal 
cycle. As shown in Table II, no signihcant change in specific volume was 
observed folloiving the fourth cycle, 

Water Associated loith Virus Particles — By combining the results of the 
measurements on partial specific volume vith the density of the virus 
particles determined from the studies with bovine albumin, the amounts 
of water associated noth the virus particles were calculated. The values. 
Table I, were for influenza virus A (PR8 strain) 52 per cent, influenza virus 
B (Lee strain) 34.5 per cent, and the swine virus 43.3 per cent by volume. 
The value, 66 per cent, previously reported (9) for influenza virus A (PE8 
strain), was calculated from essentially the same data that are presented 
here. The difference was due to an error in the method of calculation. 
The present value for this virus, 52 per cent, is likewise somewhat lower than 
•the value, 60 per cent, found by Lauffer and Stanley (15). 

DISCUSSION 

The behavior of the influenza viruses centrifuged in bovine albumin 
solutions revealed no consistent evidence of change in the sedimentation 
characters of the particles within the conditions of the experiments. This 
is in marked contrast to the pronounced changes occurring in the presence 
of sucrose, which have been interpreted (6-8) to be due to an increase in 
density and a possible decrease in particle size as the result of the osmotic 
influence of the suspending medium. The results of the experiments with 
bovine albumin solutions of high density but of low' osmotic pressure pro: 
vide strong presumptive evidence of the verity of the hypothesis. Within 
the limits that the data indicate an ideal behavior of the particles, it is 
possible, ivithout further assumption, to employ the findings directly for the 
calculation of the density of the particles in their native state. 

Use of bovine albumin for virus density determinations presents certain 
limitations of both theoretical and practical nature. It is possible that the 
relation of sedimentation rate to the density of the albumin solutions is not 
w'holly linear. It is conceivable that the virus particles become coated with 
albumin and thus increase in size and density. Further, the density of the 
dispersing medium feasible for study is somew'hat limited, since bovine 
albumin solutions of densities greater than 1 .07 are of high viscosity. The ■ 
high centrifugal fields necessary to sediment the virus through the denser 
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albumin solutions tend to cause sedimentation of the albumin. For this 
reason it is possible that the lower virus sedimentation values {p, near 1.07) 
may be somewhat higher than their true level, yielding densities of the virus 
particles slightly greater than the true values. 

The densities obsenmd were 1.104, 1.104, and 1.100 for the influenza 
viruses A and B and the swine influenza virus, respectively. These values 
obtained in the studies with bo\’ine albumin were far lower than the value 
suggested by the results with sucrose solutions for the sudne influenza virus. 
The tangent drawn mathematically to the curve of the experimental data, 
Fig. 1, intercepted the abscissa at the point corresponding to the density 
1.148 of the suspending medium. The experimental data observed for 
influenza vims A TOth sucrose by Laufifer and Stanley (15) were similar to 
those found for the swine vims with sucrose in the present work. The 
curve of the latter, on extrapolation, intercepted the abscissa at solvent 
density 1.19, whereas that described by Lauffer and Stanley intercepted at 
1.18. In interpreting their results, however, these authors stated: “A 
tangent to the experimental curve at the point corresponding to the density 
of water, drawn in the manner outlined by Smadel, Pickels, and Shedlovsky, 
will describe the sedimentation behavior which the particles would exhibit 
if they did not change density with increasmg sucrose concentration. Such, 
particles would just float in a solvent of density equal to about 1.1, hence it 
can be inferred that the density of PR8 influenza vims particles in the ab- 
sence of sucrose is about 1.1.” On the basis of their results, which are shovm 
y the points and the cunm reproduced in part in Fig. 4 from an enlarged 
photograph of their Fig. 3 (15), it is not clear how such an inference could 
e draTO. The findings of these authors have been analyzed by deriving 
he equation of the curve from the observed points as was done in the 
instance of the swine influenza vims. From the value of the first derivative 
0 the equation at the point of the density of water at 20°, 0.9982, the tan- 
pnt was draivn as shown in the broken line of Fig. 4. The value of the 
intercept ivith the abscissa, 1.143, is greatly different from that “inferred” 
y Lauffer and Stanley, but, incidentally, is nearly identical vdth the value 
0 tamed in the present work with sucrose for the sndne influenza vims. 

The values of the partial specific volumes observed are of an order of 
Magnitude in accord with the composition of the dehydrated virus particles 
V )• The selection of an accurate method for the determination of the par- 
lal specific volume of chemical complexes such as the influenza vimses 
Warrants careful consideration. The removal of salts from the suspending 
niedium by dialysis, as carried out by Lauffer and Stanley (15), results in 
precipitation of the influenza vimses. Owing to the difficulty' of maintain- 
ing uniform dispersion, such precipitated material is not suitable for accu- 
rate pycnometric determinations. The classical toluene displacement 
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method is likewise inapplicable, since the virus contains lipid as an integral 
part of the complex. For these reasons the present studies were made on 
concentrated virus preparations in saline medium (Ringer’s solution). 
With virus concentrates containing 8 to 25 mg. of virus per mi., the differ- 
ences between the weights of the suspending medium and those of the virus 
concentrates were of the order of 1000 to 8000 7 on the micro balance, and 
the replicate weights of a given preparation were reproducible to ivithin 10 
7 - The greatest source of error is in the Kjeldahl nitrogen determination 
and the conversion of nitrogen to virus concentration. Constant boiling 
HCl and calibrated pipettes and burettes were used, and the duplicate 
nitrogen determinations shoived better than 1 per cent agreement. This 



Fio. 4. Influenza virus A (PE8 strain). The sedimentation rates are given in 
Svedborg units with suitable correction for the viscosity of the suspending medium. 
The sedimentation rates are plotted against the density of the sucrose suspending 
medium. The data were taken from those of Lauffer and Stanley (15) . The tangent 
at p, = 0.9982, which was not given in the original publication, has been constructed 
by the present authors ns shown in the dotted line. 

Kjeldahl nitrogen conversion error should be relatively negligible at the high 
virus concentrations used. 

The specific volume of any pure substance should be constant if the 
complex is an independent chemical and physical entity of constant consti- 
tution. The present results indicate that the influenza virus particles are 
entities of this nature. The composition of a given type of influenza virus 
is uniform ( 5 ) with respect to the proportions of protein, lipid, and carbo- 
hydrate, though these proportions, particularly of the lipid, vary to a slight 
but probably significant degree with the type of the virus. The values of 
the partial specific volumes likewise reveal distinct type differences. 
Moreover, a definite limiting value characteristic for each type was reached 
which did not change with repeated ultracentrifugation nor ivith dilution. 
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Lauffer and Stanley (15) regarded a “value of 0.79 as the most probable 
value for the true specific volume of PR8 influenza virus preparations ob- 
tained by differential centrifugation.” Only one of their preparations was 
e.vamined directly in electrolyte solution, and the value observed, 0.80, 
approaches the value seen with influenza virus A in the present work. Two 
other preparations examined by these authors gave values of 0.84 and 0.85, 
which are higher than any obtained in this laboratory with this type of the 
virus. 

From the present findings certain implications may be drawn relative to 
the nature of the influenza virus particles. Chemically they are constituted 
of protein, fat, carbohydrate, and, presumably, inorganic salts with which 
water is associated. The nature of the association of water Avith the 
particles is such that the water is dravm rapidly from the particles in the 
presence of sucrose in solution. This result is e.xplained simply by the 
assumption that the withdrawal of water is due to the osmotic influence of 
the sucrose. Substantiation of this possibility is seen in the finding that 
comparable changes do not take place in bovine albumin solutions of low 
osmotic pressure. As noted in a section above, however, this assumption 
does not explain all of the findings, for it was observed that after a period of 
increase in the apparent density of the virus particles in sucrose solution 
there followed a definite and substantial decrease in apparent density. This 
phenomenon was noted also by Smadel, Pickels, and Shedlovsky (8) in 
studies on the elementary bodies of vaccinia. In order to explain the 
findings as a whole, it would appear necessary to postulate a membrane or 
membrane-like structure enveloping the particle which is permeable to 
sucrose but impermeable to bovine albumin. Under these conditions the 
particles placed in sucrose would first lose water and thus increase in density . 
At the same time sucrose would begin to enter the particle, and after an 
initial period of water loss the concentration of sucrose inside the particle 
would reach a level sufficient to reverse the flow of water, which would 
result in subsequent decrease in density. These possibilities are closely in 
accord ivith the actual experimental findings in the present work and with 
re.sults previously reported (9). 

It seems plain that the influenza viruses are not molecular in nature. 
Instead, there is mounting evidence that they e.xhibit a behavior and a 
structure which strongly suggest that these viruses are relatively highly 
organized cell-like bodies limited by a definite membrane-like structure 
similar in certain of its properties to the analogous semipermeable cell wall 
of bacteria. 

The authors are greatly indebted to Mr. Aaron Herr for his aid in the 
analysis of the Lamm scale diagrams. 
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SUMSIARY 

The densities of influenza idruses A (PR8 strain) and B (Lee strain) and 
the swine influenza virus w’ere estimated from the results of sedimentation 
in bovine albumin to be 1.104, 1.104, and 1.100, respectively. Because of 
the apparently ideal behavior of the \’irus particles under the conditions of 
the e.vperiments, these values are considered to represent the densities of the 
particles in their native state. The average sizes of the particles, calculated 
from these data, were 116, 124, and 117 m/i, respectively. The true partial 
specific volumes determined by pycnometer measurement were 0.822, 
0.863, and 0.850. From the density -v'alues and the partial specific volumes, 
the amounts of water associated with the respective types of the virus were 
52, 34.5, and 43.3 per cent by volume. 

Studies were made also on the sedimentation velocit}' of the swine influ- 
enza virus in sucrose solutions. The results obtained, together with find- 
ings with influenza virus A previously reported, are discussed in relation to 
the results of the studies noth bovine albumin solution. 
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The finding that the feeding to animals of deuterio acetate leads to the 
formation of deuterio cholesterol (1) not only sheds light on the nature of 
sterol precursors but also demonstrates that either acetic acid itself or a 
derivative into which it can readil}' be converted occurs normally in inter- 
mediary metabolism. Since the extent to which acetate is formed during 
the intermediary metabolism of the major dietary constituents was un- 
known, the only quantitative conclusion as to the acetate-sterol trans- 
formation was that, under our experimental conditions, a minimum of 
6 per cent of all hj’drogen atoms in cholesterol had been derived from 
acetate. This value wms reached without allowance for the probable 
dilution of the labeled dietary acetate by acetic acid formed in intermediary 
metabolism or for possible loss of deuterium by an exchange reaction. 

Although it has been shown that acetic acid is formed in tissue slices by 
dismutation of pyruvate (2), direct proof for its formation as a normal 
metabolite in the intact animal has not yet been furnished. Since acetic 
acid is metabolized at a rapid rate, as has been demonstrated by feeding 
experiments with acetic acid containing heavy carbon (3), its concentration 
m animal tissues at any instant may be too small to permit detection 
though the amount produced per day may be large. 

Four biochemical conversions involving acetic acid have been demon- 
strated; viz., condensation to acetoacetate (4, 5), formation of cholesterol 
(1), of fatty acids (6), and acetylation of foreign amino acids or amines 
(7, 8).* When isotopic acetate is fed, the products contain considerably 
lower isotope concentrations. This dilution may be due to a number of 
causes. The isotopic acetate, before entering into intermediary reactions, 
merges wdth endogenous non-isotopic acetate. Secondly, if precursors 
other than acetate exist, the hj^drogen atoms of the product derived from 
those sources will lower the isotope concentration. Thirdly, deuterium 
Olay be lost as a result of exchange reactions. Further, in the case of a 

This W'ork w'as carried out with the aid of grants from the Josiah AXacy, Jr., 
oundation and from the Nutrition Foundation, Inc. 

rom the red blood cells of rats fed deuterio acetate we have isolated hemin and 
. found it to contain significant concentrations of deuterium. This finding is of 
interest in connection with the fact that condensations involving acetoacetic ester 
nn ammonia yield pyrroles (Knorr synthesis (9)). 
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substance, like cholesterol, which is synthesized slowly (10), the newly 
formed compound %vill be dUuted mth the non-isotopic compound already 
present. 

If in a synthetic reaction acetic acid is the sole precursor, the final 
isotope concentration of the product should be a measure of the dilution of 
the dietary acetic acid by that formed in the animal orgamsm at the site 
of the acetylation. Bernhard has shown, with the aid of deuterio acetate, 
that acetic acid can be directly utilized in the formation of N-acetyl groups 
of foreign amino acids and amines (7). The dilution of isotope observed 
in this process may, therefore, give at least an indication of the minimum 
extent of endogenous production of acetic acid by the rat. In the present 
investigation of the acetylation reaction the dilutions proved to be inversely 
proportional to the level of dietary acetate but w’ere independent of the 
amount of amine administered. Similar values were obtained when either 
dZ- 7 -phenyl-Qi-aminobutyric acid, one of its optical antipodes, sulfanilamide, 
or p-aminobenzoic acid w'as employed as the test substance for acetylation. 

Our data definitely show that the acetylation reaction does not involve 
loss of carbon-bound deuterium. We have fed a preparation of isotopic 
acetate •which was labeled both by carbon-bound deuterium in the methyl 
group and by heavy carbon (C^’) in the carboxyl group. The dilutions of 
deuterium and of in the acetyl group of the excreted acylamino acid were 
identical, for the ratio of the two isotopes remamed constant. Although 
there is no doubt that acetic acid is an effective acetylating agent, the 
possibility that acetyl groups are also derived from other sources had to be 
explored. In order to test whether, as suggested originally by Enoop (11), 
a mechanism involving condensation of pyruvic acid with the amine could 
^ve rise to acetyl groups, we have administered deuterio alanine as a 
source of pyruvic acid. When I- or di-phenylaminobutyric acid was the 
foreign amine, deuterio acetyl derivatives with high isotope concentrations 
were excreted; on the other hand, when p-aminobenzoic acid or sulfanil- 
amide W'as administered the acetyl groups contained very low' concentra- 
tions of deuterium. Pyruvic acid can therefore act as a direct source of 
acetyl groups for the foreign a-amino acid but not for the aromatic amines. 

The results here presented furnish data on the quantitative role of acetic 
acid as an acetylating agent and illustrate the application of the isotope 
dilution technique to the measurement of the production of acetic acid in 
animal tissues. 


EXPERIMENTAL 

Preparation of Deuterio Acetic Acid— Deuterio malonic acid was prepared 
by exchange with heavy water and decarboxylated to deuterio acetic acid 
(12). The sodium salt w'as fed. 
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Preparation of Dcutcrio C” Acclic Acid, CHt — COOH—GOi containing 
2.34 atom per cent excess C*’ was treated with methyl magnesium iodide. 
The acetic acid obtained by the usual methods was converted to silver 
acetate. Ag, calculated, 64.7 per cent; found, 63.4 per cent. It contained 

1.13 atom per cent excess C”. , . 

The silver acetate was converted into the sodium salt and deuterium was 
introduced into the latter by heating with heavy water (99.5 atom per cent 
excess Dz) in a sealed flask at 125°, in the presence of active platinum, for 
a iieriod of 5 days. The sodium acetate contained 42.5 atom per cent 
deuterium. Ratio, D:C” = 42.5:1.13 = 37.6. 

Preparation of Devtcrio dMlanmc— Deuterio alanine was prepared by 
reduction of pyruvic acid with D 2 gas and palladium black in ethano c 
solution of ammonia (13) (Preparation I). Another sample v/as synthe- 
sized by bromination of a, P-dideuterio propionic acid and reaction o t e 
bromo derivative with ammonia (Preparation II). Preparation was 
prepared from deuterio acetaldehyde and ammonium cyanide. In or er 
to determine the isotope concentrations at the ^-carbon atom, samp es o 
the three alanine preparations were oxidized to acetaldehyde by chloramme 
T and the acetaldehyde to acetic acid by KMnOi (8). The y rogen 
atoms at the /3-carbon atom of the three different alanine samples con- 
tained as follows: Preparation I 22.0, Preparation II 30.0, Prepara ion 


60.7 atom per cent excess deuterium. 

dl-y-Phenyl-a-aminohulyric Acid — ^The compound was prepare 
to du Yigneaud and Irish (14). Nitrogen (Kjeldahl), 7.8; calculated, 7.8. 

K+hPhenylaminobulyric Acid— The l(-|-)-T-phenyl-a-acetaminobutync 
acid excreted by rats which had been given the racemic ammo aci w 
hydrolyzed by heating with 2 n HCl. The ^'Phenylamiimbutyric aci iso 
lated had a rotation of [q:]d = -1-46.0°; 2 per cent in N HCl. ( 
found, 7.7 per cent; calculated, 7.8. . , 

d{—)-Phenylaminobulyric Acid — ^In the resolution of the racemic p e 
aminobutyric acid the procedure of du Vigneaud el al. was o o"® ’ 

the isomeric phenylethylamine salts of the carbobenzoxy enva ive o 
the amino acid being used. The d isomer obtained a ^ ^ ’ 

a. = -45.5°, for a 1 per cent solution in n HCl. N (Kjeldahl) found, 

7.8; calculated, 7.8. , 

Animal Experiments — In all experiments adult male w i ra , 

between 200 and 300 gm. were used. The animals were kept m metao- 
olism cages and fed a stock diet containing 71 per cent s arc , 
casein, 3 per cent cottonseed oil (Wesson oU), 2 i^r cen ^ c 
5 per cent yeast, 4 per cent salt mixture (16). ® - u 

12 to 15 gm. (according to their weights) of this stoc e , . • j 

added the sodium salt of isotopic acetate, pheny ammo u 
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p-aminobenzenesulfonamide, or p-aminobenzoic acid. Urine was collected 
until 24 hours after the last administration of food, and pooled. At the 
end of the experimental period the funnels for urine collection were washed 
%vith 1 per cent sodium hydroxide and the washings combined ndth the 
pooled urine. 

Isolation of l-Acelylphenylaminobutyric Acid — The isolation of the 
acetyl derivative was carried out as previously described (8). The product 
was recrystallized until it melted at 179-180° (corrected). N calculated, 
6.33 ; N found for all samples, 6.2 to 6.4. The yields of pure acetyl deriva- 
tive recovered from the urine were 30 to 35 per cent after the feeding of 
di-phenylaminobutyric acid, 40 to 45 per cent after the feeding of 1(4-)- 
phenylaminobutyric acid, and 20 to 25 per cent after the feeding of d(— )- 
phenylaminobutyrio acid (15). The rotation was determined in three 
typical experiments; (a) acetyl derivative isolated after feeding dl-phenyl- 
aminobutyric acid (Experiment 3, Table I), [ajo = -f 27.7° (2 per cent in 
ethanol); (6) acetyl derivative isolated after feeding Z(-{-)-phenylamino- 
butyric acid (Experiment 3, Table II), [a]o = -1-27.5° (2 per cent in 
ethanol); (c) acetyl derivative isolated after feeding d(— )-pheDylamino- 
butyric acid (Experiment 4, Table II), [a]n = -f 28.3° (2 per cent in 
ethanol). 

Isolation of Acetyl-p-aminobenzoic Acid — ^The samples of urine were 
made alkaline to phenolphthalein and extracted continuously with ether 
for 5 hours. They were then acidified to Congo red and extracted con- 
tinuously with ether for 24 hours. The ether extract from the acidified 
urine was concentrated and the residue dissolved in a small volume of 
N HjSOj, when acetyl-p-aminobenzoic acid crystallized. The product 
was recrystallized from water Avith addition of charcoal until the melting 
point was 256-260° (uncorrected), with decomposition. N calculated, 
7.82 per cent; found for all samples, 7.7 to 7.9 per cent. 

Isolation of Acetylsidfanilamide — ^The procedure of Bernhard (7) was 
followed. The samples were recrystallized from water until they had a 
melting point of 217-218° (corrected). N calculated, 13.1 per cent; found, 
13.1 to 13.3 per cent. 

The quantities of acetylsulfanilamide or acetyl-p-aminobenzoic acid 
which could be isolated in pure form varied in different experiments, and 
in most cases were less than 5 per cent of the amount of amine fed. 

Isolation of Cholesterol — Cholesterol was isolated either as the digitonide 
or as free cholesterol, as described before (1). 

The deuterium concentrations of the acetyl groups were obtained 
(Tables I to III) by determining the deuterium concentrations of the 
acetyl compounds and assuming that all the deuterium was present in the 
acetyl group. No attempt was made to analyze acetic acid after hydrolysis 
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of the acetyl derivative, since acetic acid exchanges slowly at elevated 
temperatures (17). It was shown, howe\'er, that the isotope in the acetyl- 
amino acid was present almost entirely in the acetyl group. A sample of 
isotopic acetylphenylaminobutyric acid isolated from one of the feeding 
e.xperiments was hydrolyzed by refluxing with 2 n HCl and the free phenyl- 
aminobutyric acid analyzed. It contained no excess of deuterium. 

The observation by Fishman and Cohn (18) that the acetyl group of the 
excreted acetylphenylaminobutyric acid contains deuterium when the 
body fluids of the animals are enriched with D:0 made it seem possible 
that some of the isotope content of the acetyl groups in the present experi- 
ments could have been due to the introduction of deuterium from the 
body fluids. However, the deuterium concentrations of the body fluids 
in the present experiments were always quite low. No appreciable error is 
therefore introduced by disregarding the deuterium content of the amine. 
The possibility that some of the isotope in the excreted acetyl derivative 
might have been lost by exchange during the isolation procedure was 
eliminated by the following experiment. A solution of 0.500 gm. of 
normal dZ-acetylphenylaminobutyric acid in 50 ml. of D 2 O (3 atom per 
cent excess D) was refluxed for 5 hours. When cold, the acet}’’! derivative 
was filtered, washed with ordinary water, and reprecipitated after solution 


in dilute alkali. It contained no excess deuterium. 

Analysis of Isotopic Acetylphenylaminobutyric Acid Containing 
0.25 gm. of Z-acetylphenylaminobutyric acid isolated after the feeding of 
sodium acetate containing 42.5 atom per cent excess deuterium and 1.13 
atom per cent excess C'’ was hydrolyzed by refluxing in 2 k sulfuric acid 
for 3 hours. Acetic acid was distilled from the reaction mixture ai^ 
converted into silver acetate. Ag content, found, 63.7 ; calculated, 64.7. 

For analysis the silver acetate was burned and the CO 2 , analyzed in 
the mass spectrograph, showed 0.057, 0.060 atom per cent excess C . 
A second sample of acetylphenylaminobutyric acid isolated from the same 
experiment was analyzed for deuterium. The acetyl group contained 
2.28 atom per cent excess deuterium. The ratio of D to C’ in the acetyl 
group was therefore 2.28:0.058 = 39.3; in the sodium acetate administered 
the ratio was 42.5:1.13 = 37.6. 


DISCUSSION 

When deuterio acetate is administered the excreted acetylamino com 
pound has a lower deuterium concentration than the dietary acetate. ® 
stability in vivo of the carbon-hydrogen bond in acetic acid vas prove j 
the experiment in which the dietary acetate was labeled wit 0 eu 
terium and C"’; the ratio of the isotopes in the acetyl groups of the excreted 
amino acid (39.3) was within experimental error, the same as m the acetate 
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fed (37.6). Tile stability in vitro of the carbon-hj'drogen bond of acetic 
acid at room temperature (17) thus persists in vivo. 

In Table I are listed the deuterium concentrations of the acetyl groups 
of the acetylphenylaminobutyric acid e.xcreted after administration of 
deuterio acetate. The data shoiv that the isotope dilution factor, i.c. the 
ratio of the percentage of D in the acetate fed to that in the acetyl group, 
is inversely proportional to the quantity of acetate fed per unit of body 
weight. If the dosage in one experiment is twice as high as in another, the 
isotope concentrations of the excreted acetyl groups will also be twice as 
high. The product of the dosage and the dilution factor is a constant.’ 

Table I 


Deuterium Concentrations in Acetyl Groups of Acylamino Acids Excreted after 
Simultaneous Feeding to Rats of Sodium Deuterio Acetate and dl-y- 
Phcnyl-a-aminobutyric Acid 


Exwfi- 

Deuterio acetate fed 
per day 

dl-Phcnyl- 
amiDo- 
butyrlc 
acid fed 

W 

Duration 

of 

feeding 

Deuterium concentra* 
tioQ in 

Dilution 

factor 

Product, 
dosage X 
dilution 

jnentNo. 

(0) 

(» 

Body 

water 

Acetyl 

group 

W) 

(j) 

w 

factor 

(o)XW 

w 


mu per 100 
;m. body , 
veiiht \ 

atom fer 
cent excess 
deuterium 

mu per 100 
em, bedy 
iceigbt 1 

days 

ehm per 
cent excess 

Qlem per 
cent excess 



1 

0.078 j 

68.0 

0.45 

5 

0.02 

0.22 

309 

24.1 


0.078 

68^0 

0,45 

5 

0.02 

0.24 

283 

22.1 

2 

0.81 

54.1 

0.10 

10 

0.07 

1.88 

28.8 

23.3 

3 

1.22 

42.5 

0.45 

5 

0.06 

2.30 

18.5 

22.5 

4 

1.52 

27.6 

0.55 

4 

0.07 

! 2.10 

13.1 

! 19.9 


' 1.52 

27.6 

0.55 

6 

0.07 

1.92 

14.4 

21.9 


1.52 

27.6 

0.55 

8 

0.07 

1.95 

14.1 

21.4 

5 

1.60 

54.1 

0.55 

4 


4.57 

11.8 

18.9 


1.60 

54.1 

0.55 

4 


4.58 

11.8 

18.9 

6 

1.68 

6.9 

0.44 

5 

0.02 

0.60 

11.5 

19.3 


' 1.68 

6.9 

0.44 

5 


0.63 

11. 0 

18.5 


This relation holds over a wide range. In our present experiments a 20-fold 
variation of the level at which acetate is administered did not affect the 
constancy of this product. 

In Experiment 4, Table I, three rats received the same daily addition of 
acetate, one of the animals for 4, another for 6, and the third for 8 days. 
The isotope concentrations in the acetyl groups excreted in all three cases 
were the same. This indicates that storage of acetate or of the acetylating 

s From theoretical considerations we should expect the value, (dilution factor 
minus 1) X amount of acetate fed per unit of body weight, to be constant. However, 
since in our experiments the dilution factor is large we have calculated the product 
o£ dilution factor by acetate fed per unit of body weight. 
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agent does not occur; if it did, the deuterium concentration should increase 
with time. It may be inferred that the isotope content of the acetyl 
group excreted at any time is representative of the metabolic mixture of 
dietary and endogenous acetate then at the site of acetylation and that the 
rate of the acetylation reaction is rapid. 

■ The possibility that the production of endogenous acetate is stimulated 
by a foreign amino acid, such as phenylaminobutyric acid, was tested in 
Experiment 2 by decreasing the dietary addition of foreign amino acid^ to 
about one-fifth of that in other experiments. The product of dilution 


Table II 


Deuterium Concentrations in Acetyl Groups of Acylamino Acids after Simultaneous 
Feeding to Rats of Sodium Deuleno Acetate and Foreign Amino 
Compounds for 8 Days 


Experi- 

ment 

No. 

Deuterio acetate fed 
per day 

(<■) 

(i) 


mu per 
JOO em, 
boay 
Wight 

ahm per 
cent excess 
deuterium 

1 

1.57 

6.9 


1.57 

6.9 


1.57 

6.9 

2 

1.60 

54.1 


1.60 

54.1 

3 

1.60 

54.1 


1.60 

54.1 

4 

1.51 

54 .T 


1.51 

54.1 

5 

0.91 

60.0 


0.91 

60.0 


Amioo amd fed 

Deuterium con- 
centration in 

nl 

Product, 
dosage X 
dilution 



(0 

Body 

water 

Acetyl 

croups 

w 


(o) X (i) 
W 


atom 

atom 




per cent 

per cent 




excess 

excess 



p-Aminobenzoic acid 

0.02 

0.59 

11.8 

18.5 


0.02 

0.67 

10.4 

16.3 

tt ** 

0.02 

0.60 

11.6 

18.2 

dl-Phenylaminobutyric acid 

0.08 

0.08 

4.57 

4.58 

11.8 

11.8 

18.9 

18.9 

1 (-b) -Phenylaminobutyric 

0.09 

4.13 

13.1 

21.0 

acid 

0.09 

4.96 

11.0 

17.6 

£?(— ) -Phenylaminobutyric 

0.10 

4.99 

10.8 

16.4 

acid 

(( « 

0.10 

3.80 

14.2 

21.4 

Sulfanilamide 

it 

0.09 

0.09 

2.92 

3.67 

20.5 

16.4 

18.7 

14.9 


factor by dosage of acetate was not affected. Further^re, follow mg 
administration of p-aminobenzoic acid or sulfanilamide (Experirnen 
and 5, Table II), which, in contrast to phenylaminobutyric acid, a e 
mainly excreted unchanged or as glycuronides, the o serve 
factors are almost identical. . tLp 

The dilution of isotope occurring in the acetylation , 

presence of dietary deuterio acetate must therefore be t e . 

dilution of the dietary acetate by endogenous acetate or o a 
acetyl groups from non-acetate precursors. At least par o 
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dilution must be caused by acetic acid normally formed in intermediary 
metabolism, for the excretion of deuterio acetyl groups after the feeding 
of labeled butyrate, myristic acid, and leucine, described in earlier papers 
(8, 19), can be explained only on the assumption that these compounds 
yielded acetic acid on degradation. Evidently, then, acetic acid will arise 
normally from fatty acids and some amino acids. If deuterio acetate is 
added to the diet, it will merge wdth the normal acetic acid and its isotope 
concentration thus can become diluted prior to the acetylation. 

Though the appearance of deuterio acetyl groups is proof of the participa- 
tion of acetic acid in acetylation reactions, the possibility still exists that 
part of the acetyl is of different origin. Pyruvic acid has been shown to 
acetylate choline in vitro in the presence of an oxidizing agent (20). A 
similar mechanism operating in vivo would lead to acetyl groups with only 
normal hydrogen and would lower the isotope content of the excreted acetyl 
derivative, 

A mechanism involving pyruvic acid has been proposed by Knoop (11) 
and discussed by du Vigneaud el at. (15). Our finding that the administra- 
tion of deuterio alanine and phenylaminobutyric acid results in the excretion 
of acetyl groups containing a high concentration of deuterium can he 
interpreted in two ways.’ Pyruvic acid arising from alanine may have 
been degraded to acetic acid which in turn was utilized as a source of 
acetyl. If this were the case, deuterium should be found in all the products 
which deuterio acetate is known to form; i.e. not only in the acetyl group of 
phenylaminobutyric acid but also in acetylaminobenzoic acid, acetyl- 
sulfanilamide, and in cholesterol. The data given in Table III do not 
support this view. The acetyl groups of aminobenzoic acid and sulfanil- 
amide had a deuterhim content only 10 to 20 per cent of the value which 
should result from complete breakdown of alanine to acetic acid (Table III). 
Furthermore, alanine is the only compound so far encountered which is an 
effective source of acetyl groups for phenylaminobutyric acid but fails to 
give rise to deuterio cholesterol. On the other hand, acetyl groups may 
arise from alanine (or pyruvic acid) by direct condensation of pyruvate with 

’ We believe that a direct utilization of alanine by transamination with phenyl- 
ketobutyric acid is not involved, since no significant concentrations of N” were 
found in the e.xcreted acetylphenylaminobutyric acid when N'®-containing alanine 
was fed. It is generally accepted that a large fraction of dietary alanine is converted 
to pyruvic acid. Deuterio alanine therefore acts as a source of deuterio pyruvic acid. 
When deuterio pyruvate was administered as a source of acetyl, the excreted acetyl 
derivative contained only one-fifth of the deuterium concentration which resulted 
from the feeding of corresponding amounts of alanine. Sodium pyruvate is a chemi- 
caliy unstable compound and we cannot be certain that all of the pyruvate ingested 
by the animal reached the liver unchanged. We therefore believe that the results 
obtained with pyruvate do not invalidate the assumption that alanine acts as a 
source of acetyl by way of pyruvic acid. 
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a foreign amino acid and subsequent dehydrogenation of the product (Knoop 

^ aromatic amines take up but little acetyl 

f the carbon atom 

ttached to the nitrogen, and their consequent inability to yield imino 

of aCn t ““alogous to iminp aeids. The possibility that the breakdo™ 
hv tjim.iif ° “'^atic acid was inhibited by the aromatic amines was tested 
aL Ti admmistratjon of deuterio alanine, phenylaminobutyric 

> p-aminobenzoic acid. From the mixture of acetyl derivatives 


Table III 


Erpcr. 

imeat 

No. 


Amins fed per loo pn. of rat weight 


<^l-Phenylatninobutyric 

acid 

1-Phenylaminobutyric 

acid 

4" P'aminobenzoic acid 
P-Aminobenzoic acid 


Sulfanilamide 


100 

100 

100 

SO 

SO 

100 

33 

100 

100 

SS 

5S 


Deuterio <f/>ala- 
nine fed 

atom 
Per cent 
excess 
deute- 
rium* 

mu per 
100 gm. 
rat 

it eight 

60.7 

0.84 

60.7 

0.84 

60.7 

0.84 

60.7 

0.83 

22.0 

1.6 

30.0 

1.5 

60.7 

0.81 

60.7 

0.81 

60.7 

0.91 

60.7 

0.91 


Deuterium concentration in 


Body 

water 


Acetyl 

group 


alom 
per cent 
excess 


0.09 


0.08 


07130 

0.151 


Ohm 
per cent 
excess 

i.si 

l.SS 

1.74 

2.14 


0.25 

0.36 

0.18 

0.18 

0.27 

0.36 


Cholesterol 


Liver I Carcasst 


atom 
per cent 
excess 


0.021 


0.031 

0.020 

0.025 

0.024 


atom 
per cent 
excess 


0.018 


0.006 

0.011 

0.013 


t When ■ nydrogen atoms at the (S-carbon atom. 

Dj Were amounts of deuterio acetate containing 54 atom per cent e.xcess 

> e carcass cholesterol contained 0.25 atom per cent excess Dj. 


isotoD^ urine, acetylphenylaminobutyric acid was isolated. Its 

^ concentration was not depressed; the inability of alanine to acety- 
therefore not be due to an interference of alanine 
deuteri°"^ ■ compounds. It would appear likeb’’ that when 

{jgjj C' nnme is fed the small deuterium concentrations in acetylamino 
acid ^ ucetylsulfanilamide are due to the formation of acetic 

SUES pyruvic acid at the site of acetylation. The data (Table III) 
nvv, i ^hc liver this reaction constitutes only a minor pathway of 

pyruvate metabolism. J 
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The data given in Table II indicate that the product of the dosage of 
dietary deuterio acetate and the dilution factor varies but little with the 
nature of the foreign amine administered. The finding that acetic acid is 
an equally effective acetylating agent in each case suggests that essentially 
the same mechanism involving direct condensation with acetic acid may be 
concerned in the acetylation of d- and Z-phenylaminobutyric acids, p-amino- 
benzoic acid, and sulfanilamide. The average value of this product for all 
experiments with phenylaminobutyric acid is 21.0, as compared to an 
average of 17.3 for the experiments with sulfanilamide and aminobenzoic 
acid. As the number of such experiments is small, the difference between 
these tw’o values is not statistically significant; the results can be regarded 
merely as concordant wdth the hypothesis that in the acetylation of a-amino 
acids only a small part of the isotope dilution is due to the formation of 
acetyl by a mechanism which does not involve acetic acid. 

Acetylation of Optically Active Phenylaminobutyric Acid — ^Bernhard has 
observed the utilization of deuterio acetate for the biological acetylation of 
both d- and l-hexahydrophenylalanine (21) to yield the acetyl-Z-amino 
acid. Under our experimental conditions very nearly the same dilution 
factors were obtained for the acetyl group of racemic phenylaminobutyric 
acid and its two optical isomers (see Table II). The mechanism involved 
in the acetylation of the optically active phenylaminobutyric acids has 
been studied in great detail by du Vigneaud et al. (15), with the aid of 
heavy nitrogen and deuterium. No decision was possible from the work 
of these authors as to the nature of the acetylating agent, although the 
mechanism involving either pyruvic acid as originally suggested by Knoop 
or acetate appeared to account satisfactorily for the experimental findings. 
Bernhard’s data, as well as our o^vn, definitely establish the ability of acetic 
acid (either as such or as a biochemically active derivative, such as acetyl 
phosphate) to acetylate amines. 

It seems that the inversion of the unnatural acid is not necessarily linked 
■with acetylation and the process of hydrogenation and dehydrogenation pos- 
tulated (15) to explain the uptake of deuterium in the a position of a foreign 
amino acid seems to be incidental. Indeed it is possible for a d-amino 
acid to be acetylated without inversion, as was shown by du Vigneaud, 
Wood, and Binkley (22) in the case of p-bromophenyl-d-cysteine. The keto 
acid formed by deamination of the d isomer will be reaminated to the 
natural amino acid which can then be acetylated by acetic acid in a sub- 
sequent reaction. Though our experiments demonstrate that f-phenyl- 
aminobutyric acid can be acetylated by deuterio alanine, we have no 
information as to whether the same holds true for the d isomer. 

Tishman and Cohn (18) have reported that in animals whose body fluids 
are enriched with D 2 O, the administration of either p-aminobenzoio acid, 
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phenylaminobutyric acid, or sulfanilamide leads to the excretion of acetyl 
derivativ'es containing from 2 to 3 atoms of deuterium in the acetyl group. 
In the course of the /3 oxidation of the fatty acids, acetate becomes available. 
As the a-hydrogen atoms of /3-keto acids are extremely active in exchange 
reactions, deuterium from the body fluids could readily enter, and in the 
hydrolysis of the /3-keto acid to yield acetic acid, 1 more atom of deuterinm 
could be introduced into the methyl group. Once the acetic acid is formed 
the deuterium in the methyl group is stably bound. The suggestion that 
acetic acid is the major source of acetyl groups is therefore entirely con- 
sistent with the findings of Fishman and Cohn, whose experiments further 
indicate that pj^ruvate cannot be the sole source of acetyl groups, for the 
methyl group of pyruvate does not exchange its hydrogen atoms readily, 
as is shown by the study of Reitz on the glucose fermentation in DjO (23). 

Another acetylating agent which may be postulated is acetoacetate. 
This assumption requires that acetic acid condenses to form acetoacetic 
acids in which both the carboxyl carbon atom and the /S-carbon atom 
originate from the carboxyl carbon atom of acetic acid. This is necessary, 
for we have demonstrated that both halves of butyric acid are employed 
in forming acetyl groups (8). Since such a condensation would involve 
loss of carbon-bound deuterium, but not of C”, the ratio of the concentra- 
tion of these isotopes (D : C'“) in the excreted acetyl group would be different 
from that in the acetate fed. Since this is not the case, we may exclude 
acetoacetate as the direct acetylating agent. 

We therefore conclude from our data that acetic acid is the only acety- 
lating agent for aromatic amines and the major one for a-amino acids, and 
that the dilutions observed are the result of a large daily formation of 
acetic acid. It is permissible to draw quantitative deductions from the 
results of the isotope dilution technique if the acetylation reaction is shown 
to involve no dilution other than that by endogenous acetic acid. The 
data submitted here eliminate a number of other reactions as being re- 
sponsible for the isotope dilution of the dietary deuterio acetate. If, as 
appears probable, acetic acid is the sole source of acetyl groups for sulfanil- 
amide and p-aminobenzoic acid, the dilution occurring in the acetylation of 
these aromatic amines may be taken as a direct measure of acetic acid 
formation by the animal. The existence of two separate acet 3 dating 
mechanisms for phenylaminobutyric acid, i.e. direct acetylation b}’’ acetic 
acid and condensation with pyruvic acid, introduces but little uncertainty 
into conclusions derived from experiments with this a-amino acid, s’mce 
acetic acid is quantitatively a much more important source of acetyd groups. 

From the dilution factors observed it can be estimated that about 15 to 
20 mw (0.9 to 1.2 gm.) of acetic acid are formed daUy per 100 gm. of rat 
tissue. The major portion of the acetic acid probably arises from P 
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oxidation of fatty acids. This mechanism, potentially, can account for 
these quantities of acetic acid. A 300 gm. rat contains about 20 gm. of 
tissue fatty acids, half of which are destroyed and resynthesized in about 
9 days (24). Thus, approximately 1.6 gm. of fatty acids are destroyed 
daily, corresponding to 3.0 gm. of acetic acid daily. We calculate from 
the data in this paper that a 300 gm. rat would produce about 3 gm. of 
acetic acid daily. The site of the acetylation reaction is presumed to be 
the liver (25). If acetic acid were formed in extrahepatic tissues, then it 
is possible that the dietary deuterio acetate does not merge with all of the 
acetate produced by the animal. The dilutions observed in the acetyl 
groups would then represent minimum values of endogenous acetic acid 
production. 

The influence of dietary additions on the acylation of foreign amines, 
such as sulfanilamide or p-aminobenzoic acid, has frequently been investi- 
gated by determining the ratio of acetyl derivative to unchanged amine 
excreted. It appears quite improbable that the balance type of experi- 
mentation with intact animals can furnish information on the mechanism 
of the acetylation reaction. Inspection of such data reveals a very con- 
siderable variation of the control values. Moreover, it has been claimed 
on the basis of such experiments that dietary acetate is incapable of increas- 
ing the percentage of acetylation (26, 27). The experiments of Bernhard 
and those reported here clearly demonstrate, however, that dietary acetate 
can acetylate amines. We have observed that the absolute amounts of 
acetyl derivative excreted are independent of the addition of acetate or 
acetyl precursors. These must be available from normal metabolic 
reactions in quantities more than adequate for acetylation of the foreign 
amines. However, when isotopic test substances are employed, no note 
need be taken of the yield of acetyl derivative, for the appearance of isotope 
in the acetyl group is evidence of utilization. 

Estimation of Cholesterol Formation from Acetate — In one of the experi- 
ments in which rats had been given deuterio acetic acid in conjunction with 
phenylaminobutyric acid (Experiment 2, Table I), cholesterol was isolated 
separately from the liver, from the remaining internal organs, and from the 
eviscerated carcass. The sterol samples contained 0.50, 0.45, and 0.25 
atom per cent excess, or 27, 24, and 13 per cent respectively of the deuterium 
concentration in the acetyl group of the acetylphenylaminobutyric acid 
excreted. If the metabolic mixture of normal and isotopic acetate available 
for cholesterol formation has the same composition as that used for the 
acetylation, then at least 27 per cent of all hydrogen atoms of the hver 
cholesterol had been derived from acetic acid. As in the utilization of 
each Ciunit for the sterol structure, 2 hydrogen atoms from the body fluids 
must be taken up for every 2 from the acetate, at least 54 per cent of the 
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diolesterol carbon atoms was supplied by acetic acid. The replacement 
of total body cholesterol in mice by sterol synthesized dc novo proceeds 
with a half time of 15 to 25 days (10). Comparable figures for the rat are 
not available as yet. In the present 8 day experiment in which cholesterol 
was isolated, twice as much newly formed cholesterol was present in the 
liver as in the carcass, indicating differences in the rates of cholesterol 
tiumover for different tissues. Nevertheless, it is not certain that replace- 
ment of the liver cholesterol by newly synthesized material had approached 
completion within the 8 day experimental period. Determination of the 
half life time of liver cholesterol will permit us to estimate more accurately 
the extent to which acetate serves as a cholesterol precursor. 

We are indebted to Mr. M. M. K. Zung for valuable assistance in the 
course of this work. 


SUMMARY 

1. The acetylation of foreign amines by acetic acid has been quantita- 
tively investigated in the rat. 

2. By employing acetate labeled with C”, as well as deuterium, it has 
been shown that no loss of deuterium due to exchange reactions occurs 
in the acetylation reaction. 

3. Acetic acid is an effective acetylating agent for p-aminobenzoic acid, 
d- and Z-phenylaminobutyric acids, and sulfanilamide. 

4. Evidence is presented to show that acetic acid is the only acetylating 
agent for the aromatic amines, sulfanilamide and p-aminobenzoic acid. 

5. Acetic acid is the major source of acetyl groups in the acetylation of 
phenylaminobutyric acid, which, however, can also be acetylated by a 
mechanism probably involving pyruvic acid. 

6. From the dilution of the acetate fed it is calculated that 15 to 20 mM 
of acetic acid are formed daily per 100 gm. of rat tissue. It is suggested 
that the major part of this acetate arises from the oxidation of fatty acids. 

7. It is estimated that at least half of the carbon atoms of cholesterol are 
derived from acetate. 
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SOME BIOLOGICAL EFFECTS PRODUCED BY 
a-TOCOPHEROL QUINONE 

By D. W. WOOLLEY* 

(F rom the Laboratories of The RockefeUer Institute for Medical Research, New York) 
(Received for publication, March 1, 1945) 

During a study of inhibitory structural analogues of metabolites (1), 
it has been observed that the administration of a-tocopherol quinone to 
pregnant mice resulted in the resorptive interruption of pregnancy. Since 
various signs associated with deficiencies of several vitamins have been 
called forth in animals by the feeding of compounds analogous in structure 
to the vitamins concerned with these manifestations (1-5), investigations 
have been in progress to determine more about such phenomena. In 
particular, the possible application of such results to pharmacology has 
been examined. The present findings ensued when attempts were made 
to produce the signs of tocopherol deficiency by administration of a suitable 
structural analogue of this vitamin. 

It is known that in mature rats or mice tocopherol deficiency manifests 
itself to a large extent by death and resorption of the embryos during the 
latter part of the gestation period. Such signs as muscular dystrophy or 
death are seen only after prolonged deprivation, and usually not until the 
second generation in these species. This restriction of the signs of defi- 
ciency to pregnant animals prompted the present work. It was found that 
a-tocopherol quinone called forth in mice manifestations related to those 
seen in tocopherol deficiency. Equivalent doses of the compound were 
without detectable effect on non-pregnant mice, although if the dose was 
increased sufficiently some evidence of toxicity was seen in such animals. 
No muscular dystrophy was observed folloiving use of the agent. Further- 
more, no permanent damage was done to the ability to reproduce, since 
animals which had been through a resorption produced litters when they 
were returned to stock rations and remated. 

Although the signs elicited by tocopherol quinone resembled in some 
respects those seen in tocopherol deficiency, they were not prevented by 
a-tocopherol acetate. It was then observed that resorption ■was usually 
accompanied by excessii^e vaginal bleeding. When attempts to prevent 
this hemorrhage by administration of vitamin K were made, it was found 
that both the hemorrhage and the resorption were overcome by this 
vitamin. Inspection of the formulae of the three substances under con- 
sideration revealed a structural analogy among all three. The action of 

* With the technical assistance of M. L. Collyer. 
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the quinone, however, differed from that of such a structurally related 
antagonist of vitamin K as 3,3'-methylenebis(4-hydroxycoumarm) in its 



selective effect on pregnant mice, in the fact that the hemorrhages were 
confined to the reproductive system, and that no marked prolongation of 
prothrombin time was observed, following the use of the quinone. 

A few other structural analogues of a-tocopherol were S 3 mthesized and 
tested for biological effect, but these compounds were inactive under the 
, mditions tried. 

' EXPERIMENTAL 

Materials — Synthetic dZ-a-tocopherol and its acetate were used, a- 
Tocopherol quinone was made by oxidation of a-tocopherol with gold 
chloride according to the method of Karrer and Geiger (6). “Demethyl- 
tocopherol,” that is a-tocopherol without the three — CHs groups on the 
benzene ring, was prepared from phytoP and hydroquinone monobenzoate. 
Several attempts were made to condense trichlorohydroquinone with 
either phytyl bromide or phytol, but the unchanged trichlorohydro- 
quinone was always recovered in good yield from the reaction mixture. 
It would be of interest to assay the desired condensation product, if it 
could be obtained, since it would bear the same relationship to a-tocopheroi 
as the successful antagonist, 6,7-dichloro-9-ribityl-isoalloxazine, bears to 
riboflavin (7). Similarly, no success was encountered in attempts to 
condense allyl bromide ivith trichlorohydroquinone. 

Assay Procedure — Adult female mice from the stock colony were caged 
in groups of four in metal boxes with wood shavings on the bottoms. One 
male was placed in each box before the females were admitted. Usually 
both males and females were of proved fertility, but occasionally virgin 
females were employed. Water and food were supplied ad libitum. The 
ration was composed of sucrose 60 parts, vitauun-free casein 20 parts, 
salts (8) 5 parts, dried brewers’ yeast 5 parts, lard 5 parts, cod liver oil 4 
parts, and the following crystalline vitamins in mg. per 100 gm. of ration; 

I We wish to thank Dr. H. M. Wuest of Hoffmann-La Roche, Inc., for generous 
gifts of phytol and phytyl bromide. We are also indebted to Dr. K. C. D. Hickman 
of Distillation Products, Inc., for quantities of natural tocopherol concentrates use 
in several preliminary synthetic investigations. 



D. W. WOOLLEY 


61 


thiamine 0.2, riboflavin 0.5, pyridoxine 0.2, calcium pantothenate 2.0, 
nicotinic acid 10, inositol 100, and choline 100. On the 5th day of preg- 
nancy oral administration of the compounds to be tested was begun. The 
females were dosed daily until parturition or resorption occurred. The 
animals were weighed once weekly for the first 2 weeks. They were then 
caged separately and weighed daily until the end of the experiment. All 
animals except those upon which autopsies were performed at the time of 
resorption were maintained for 3 weeks after they were isolated in individual 
cages. 

Effect of dl-a-Tocopherol Quinone on Pregnant Mice — The daily oral 
administration of 100 mg. of dl-a-tocopherol quinone caused no detectable 
signs of disease in pregnant mice until the 3rd week of gestation. Then 
the rapid increase in weight was suddenly arrested at the 14th to 19th day, 
and about a day later extensive vaginal bleeding occurred. This some- 
times continued intermittently for a day or two, but in many cases there 
appeared to be just one hemorrhage. The loss of blood was usually so 
extensive that the animals became markedly anemic. A few died 2 or 3 
days after the first hemorrhage, due to excessive loss of blood. Precipitous 
loss of weight occurred usually beginning 1 day after the first hemorrhage. 
When autopsies were performed on animals which had begun to lose 
weight, the embryos appeared as slightly bloody masses usually amorphous 
unless they were seen at the onset of the changes described. No hemor- 
rhages from other parts of the body were encountered. Follmving the 
onset of resorption the weight declined to that in the non-pregnant state, 
or slightly less, and remained at about this level. The animals appeared 
to be ill for a few days after the episode, but soon began to eat well, and 
to recover from the anemia. Two instances were observed in which 
resorption occurred without hemorrhage. Some data to illustrate the 
effects of tocopherol quinone are sho^vn in Table I. 

Relative Potency of a-Tocopherol Quinone by Oral and Intraperitoneal 
Routes in Mice — It can be seen from the data in Table I that it required 
100 mg. per day by the oral route to achieve the desired effect. To learn 
whether this large dose might be in part due to the water insolubility and 
poor absorbability of the compound, the quinone was tested by the intra- 
peritoneal route. It was expected that tocopherol quinone, like many 
other oily substances, would be absorbed rather slowly from the abdominal 
cavity, and thus that one single dose would suffice for considerable periods 
of time. It was found that the colored quinone could still be seen readily 
in the peritoneal cavity 2 weeks after 400 mg. had been injected. To 
determine the activity of the quinone by this route in the production of 
resorptive interruption of pregnancy, a single dose was given intraperi- 
toneally on the 4th or 5th day of pregnancy. As can be seen from the 



62 


EFFECTS OF a-TOCOPHEROL QTJINONE 


data in Table I, the compound was much more active by this route than 
by oral administration. 

With a single intraperitoneal dose of 400 mg. no signs were seen for a 
week following injection. However, during the last w’eek of pregnancy all 
of the six mice so treated resorbed. Two of these died at the beginning of 
the last week of gestation without exhibiting hemorrhage externally, 
but with extensive bleeding into the peritoneal cavity. Towards the end 
of this last week three of the remaining mice show^ed signs similar to those 
described above in animals given the agent orally .= These three died 
from loss of blood. The remaining mouse lost weight but recovered. 

With single intraperitoneal injections of 200 mg. of the quinone, results 
comparable to those obtained with daily oral doses of 50 mg. were found. 

Table I 


Effect of Various Analogues of a-Tocopherol in Pregnant Mice 


/ 

Compound 

Oral dose 

Intra- 

peritoneal 

dose 

No. of 
animals 

No. of 
litters 

Average 

litter 

size 

No. of 
deaths 

Nonet 

mg. ptt 
day 

nj.* 


33 

6 

0 

"Demethyl-tocopherol” 

so 

0 


4 

4 

0 

df-a-Tocopherol quinone 

10 

0 


4 


0 

(< (( 

50 

0 

8 

4 


0 

<f (( 

100 

0 

14 

2 


2 

II II 

0 

200 

12 

8 


2 

11 (I 

0 

400 

6 

0 


5 


* This was the total amount of material used per gestation, 
t In two experiments the basal animals were dosed orally with 100 mg. of olive oil 
per mouse per day. This had no adverse effect that was detectable. 


It was concluded that intraperitoneal injection allowed greater expression 
of potency. 

Effect of dl-a-Tocopherol Quinone on Non-Piegnani Mice — ^When non- 
pregnant female mice were given 100 mg. of the quinone per day for 6 
weeks, no signs of disease were observed. When four immature females 
were given 150 mg. of the quinone per day for 3 weeks, no retardation of 
growth was encountered. One of these mice died after 2.5 weeks, but 
autopsy revealed no hemorrhage. Furthermore, the prothrombin time 
(9) of the remaining three animals did not differ significantly from that 
of controls not receiving the compound, or of normal mice from the stock 

> These three mice did not lose blood into the peritoneal cavity, but only externally 
from the reproductive tract. 
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colony. It was concluded that tocopherol quinone, even in doses greater 
than those which were effective in pregnant mice, was relatively innocuous 
in non-pregnant animals. 

Observations on Permanent Damage Caused by a-Tocopherol Quinone — To 
determine whether the quinone caused permanent damage to the ability 
of mice to reproduce, the following experiment was performed. Five 
animals which had resorbed their litters as a result of treatment with 100 
mg. of the quinone per day were placed back on the stock ration and re- 
mated. All five produced vigorous litters. It was concluded that no 
damage had been done to the ability to reproduce. 

Attempted Reversal of Effects of a-Tocopherol Qmnone unth a-Toeopherol 
Acetate — To determine whether or not the effects of a-tocopherol quinone 
could be prevented by tocopherol, pregnant mice were treated with daily 
oral doses of 100 mg. of the quinone, and in addition were given massive 


Table II 

Effect of Vitamin E and Vitamin K on Pregnant Mice Given 100 Mg of dl a-Tocopherol 

Quinone Orally 


Compound 

Oral dose 

No of 
animals 

No of 
Utters 

Average 

Utter 

size 

No of 
deaths 


mg per 
day 



m 


None 


8 

0 


1 

dl tt-Tocopherol acetate 

20 

4 

0 


1 

fi it 

50 

4 

0 


0 

2-Metliyl-l ,4-naphthoquinone 

0 02 

12 

, 12 

B 

0 


doses of dZ-a-tocopherol acetate daily by mouth. As can be seen from 
the data in Table II, the vitamin was not able to prevent the manifesta- 
tions produced by the quinone. 

Prevention of Effects of a-Tocopherol Qmnone with Vitamin K — ^IlTien 
attempts were made by administration of vitamin K to prevent the exces- 
sive bleeding which usually accompanied the resorptive termination of 
pregnancy, it was found that not only the vaginal hemorrhages but also 
the resorptions were prevented. The data in Table II show that small 
doses of 2-methyl-l ,4-naphthoquinone given along ndth tocopherol quin- 
one allowed the normal production of young. The vitamin was fed daily 
as a solution in olive oil. 

Failure of S ,S'-Methylenehis{ 4 -hydroxycoumarin) to Cause Interruption 
of Pregnancy — Since vitamin K reversed the effects of a-tocopherol quinone, 
and since vitamin K and the quinone are structural analogues, an experi- 
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ment was performed to determine whether another competitive structural 
analogue of vitamin K, namely 3,3'-methylenebis(4-hydroxycoumarin), 
would produce the same result as the quinone. Ten pregnant mice were 
given daily oral doses of 0.4 mg. each of the coumarin. It was established 
previously that 1.0 mg. of the coumarin w’as fatal to all mice tested. One 
of the pregnant mice developed hemorrhages around the ears, and a second 
animal died during the 3rd week of the test. The others, as well as the 
hemorrhagic one, bore living young without apparent difficulty. There- 
fore, it was concluded that the quinone and the coumarin differed in their 
action on pregnant mice. 

Effect of a-Tocoffhcrol Quinone on Prothrombin Time of Mouse Plasma — In 
view of the reversal by \dtamin K of the action of the quinone, prothrombin 
times were determined on a number of treated mice as well as on control 
animals in an effort to learn whether signs of ^dtamin K deficiency other 
than hemorrhage were elicited by the quinone. Estimations were made 
^according to the directions of Campbell ct al. (9). Mice which had received 
daily oral doses of 100 mg. of the quinone, and which had manifested 
hemorrhage and resorption a few days before the test, were examined. 
The average prothrombin time for eight such mice was 31 seconds, while 
that for nine controls was 29 seconds. Controls did not differ significantly 
from mice on the stock diet in this respect. The animals were examined 
40 hours after they had received their last dose of the quinone. 

DISCUSSION 

The experiments nith a-tocopherol quinone demonstrate once again 
that it is possible to produce specific pharmacological results by adminis- 
tration of suitable structural analogues of various metabolites. These 
manifestations can be predicted at least in part by a knowledge of the 
signs of deficiency of the metabolite concerned. By prior knowledge 
that tocopherol deficiency in mice or rats resulted in the resorptive inter- 
ruption of pregnancy, it was possible to proceed to an agent which would 
bring about a similar result. 

The fact that signs superficially resembling those of tocopherol defi- 
ciency were observed was of interest ivhen it was found that tocopherol 
failed to overcome the effect, and that vitamin K was active in this respect. 
The quinone may be regarded as a structural analogue of both vitamins. 
Furthermore, Tishler and Evans (10) have examined a compound which 
had vitamin E activity as well as vitamin K potency. The only sign 
related to vitamin K deficiency which was produced by the quinone was 
the hemorrhage. This manifestation was apparently confined to the 
reproductive system, and was not seen when similar doses of the compound 
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were given to non-pregnant animals.® Moreover, hemorrhage in the 
reproductive system of avitaminotic rats (11) and in the brains of chickens 
deficient in vitamin E (12) has been recorded. Finally, although the 
effects of the quinone were overcome by vitamin K, there was evidence 
that the mechanisms of action of the agent must not be viewed entirely as 
the production of vitamin K deficiency. The selectivity for pregnant 
animals would hardly be anticipated if vitamin K deficiency was the basis 
of the effect. Furthermore an agent such as 3 , 3'-methylenebis (4-hydroxy- 
coumarin), which produces signs similar to those of vitamin K deficiency, 
did not cause fetal resorption. 

On the other hand the relationship to tocopherol of the effect of the 
quinone was obscured by failure of that vitamin to reverse the manifesta- 
tions. Another difficulty was that muscular dystrophy was not produced 
by the quinone. This may not be surprising, however, sinee in mice this 
sign of tocopherol deficiency is usually not seen until the second generation. 
It will be of interest to determine whether tocopherol quinone wiU cause 
muscular dystrophy in animals such as the rabbit which are more prone to 
this manifestation of avitaminosis E. It will also be instructive to learn 
whether the quinone will bring about resorptive interruption of pregnancy 
in those species in which this sign of tocopherol deficiency has not yet 
been observed. 

Amid such perplexities as these it would seem wise to regard the case of 
tocopherol quinone as a pharmacological model with relationships to both 
vitamin E and vitamin K. 

SUMMAKY 

Administration of dl-a-tocopherol quinone to pregnant mice caused 
hemorrhage in the reproductive system and resorptive termination of 
pregnancy during the last week of gestation. Similar amounts of the 
compound were without detectable effect on non-pregnant mice. No 
permanent damage was done to the ability to reproduce. The action of the 
quinone was not prevented by large doses of or-tocopherol acetate, but was 
negated by small amounts of 2-methyl-l,4-naphthoqumone (vitamin K). 
The quinone was viewed as a structural analogue of both vitamin E and 
vitamin K. 3,3'-Methylenebis(4-hydroxycoumarin), which caused sig^ 
(reversible by vitamin K) similar to those seen in vitamin K deficiency, did 
not produce resorption or vaginal hemorrhage in pregnant mice. The 
quinone was much more effective when given intraperitoneally than when 
fed. Certain implications of these experiments in pharmacology were 
indicated. 

’ It may be that the restriction of hemorrhage to pregnant animals is merely a 
reflection of the mechanical stress placed on a slightly K-avitaminotic organism 
during the latter part of the gestation period. 
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PENITRINIC ACID, A NEW PIGMENT FROM 
PENICILLIUM NOTATUM 

Br FRANK H. STODOLA, JACQUES L. WACHTEL, ANDREW J. MOYER, 
AND ROBERT D. COGHILL 

(From the Fermentation Division, Northern Regional Research Laboratory,* 
Peoria, Illinois) 

(Received for publication, March 13, 1945) 

During the purification of penicillin, a new pigment has been isolated 
from Penicillium notatum culture liquors, and some observations have been 
made on its chemical structure. It is an unusual mold pigment, since 
it contains nitrogen. The presence of this element and the source and 
acidic nature of the pigment have been indicated by giving this compound 
the name “penitrinic acid.” 

The pigment was isolated in the crude state from the eluates of an 
alumina column used to remove penicillin from protein-free culture liquors. 
Several recrystallizations gave pale yellow crystals which had a melting 
range of 217-223'’ (vdth decomposition), showed a composition of CaHnOsN 
by analysis, and exhibited an imusually high specific rotation (—423'’ 
or —549°, depending on the solvent). Electrometric titration showed 
that penitrinic acid is approximately as strong as benzoic acid. 

Like the pigment citromycetin, obtained by Hetherington and Raistrick 
(1) from a species of Penicillium, penitrinic acid can be decarboxylated by 
boiling with 2 n sulfuric acid. The product is an optically inactive, j^ellow 
crystalline compound having the formula CnHjvOjN (m.p. 171-172°). 
The name “a-penitrin” has been selected for this compoimd. 

Penitrinic acid can be decarboxylated also in alkaline solution to an 
optically inactive, yellow crystalline product, “/3-penitrin” (m.p. 204-205 ), 
which is isomeric with a-penitrin. Alkali solubility tests and color reac- 
tions indicated that these degradation products are phenols. The two 
isomers showed almost identical ultraviolet absorption spectra (Fig. 1). 
Some chemical differences between the compounds have been observed, 
however, in their behavior with ferric chloride and with mercuric nitrate. 

Since citromycetin has been shoum to have a chromone nucleus (1), 
a sumlar structure was considered for penitrinic acid. Both substances 
arise from Penicillia and have some reactions in common. Hov e\ er, 
attempts to show the presence of a chromone ring in penitrinic acid through 
alkaline fusion have not yet led to any definite products. 

* One of the laboratories of the Bureau of Agricultural and Industrial Chemistrj , 
Agricultural Research Administration, United States Department of Agriculture. 
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The nature of the nitrogen is still obscure. All that is knoTvn at present 
is that it is not basic and that on steam distillation with 1 n NaOH for 30 
minutes only about a quarter of the nitrogen appears in the distillate. 
The complete loss of optical acthdty on decarboxylation suggests that the 
carboxyl group of penitrinic acid is not on a benzene ring but rather on an 
asymmetric carbon atom elsewhere in the molecule. 

At a level of 0.6 mg. per cc., penitrinic acid showed no antibiotic activity 
against Staphylococcus aureus by the cylinder method of assay as described 
by Schmidt and Moyer (2). 



Fiq. 1. Ultraviolet absorption spectra of penitrinic acid and a- and fl-penitrin 

EXPERIMENTAL 

Penitrinic Add — ^The Penidllium nolatum, Northern Regional Research 
Laboratory No. 1249.B21, was grown from 7 to 10 days in Fembach 
flasks on a medium containing salts, com steep liquor, and sugars. Mter 
the mold mat was removed by filtration through cloth, the culture liquor 
was freed of protein to avoid formation of emulsions on solvent extraction. 
Two methods were used for removal of protein. In the first, proteins 
were precipitated by tannic acid; in the second, the precipitant was acetone, 
which was removed by concentration in vacuo after filtration. The 
filtrate was extracted three times with ether to remove pigments. The 
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ether solution was then applied to a column of acid-treated (to pH 4.5) 
Brockmann alumina. On development of the column with 75:25 ether- 
ethyl acetate, orange-colored percolates were obtained. The first colored 
solution was contaminated with considerable oil; later fractions, however, 
yielded crude crystalline penitrinic acid on concentration. The pure acid 
was obtained by repeated crystallization from isopropyl alcohol, from 
which it separated in the form of pale yellow bars. 

Ana?!/sts-C,sH„06N. CnloulatocI, C Cl .84, H S.88, N 4.80; found (after 1 hour’s 
drying at 80° under 2 mm. pressure), C 61.8, 61.0, II 6.05, 6.02, N 4.77, 4.83. (The 
nitrogen values were obtained by micro-Kjeldalil determinations in which 6 hour 
digestions were used. Dumas values were consistently low.) 

Wd = -540° (17.2 mg. in 1.276 cc. dimethyl formamidc) 

[aln = -423° (2.70 mg. in 1.30 ce. acetone) 

Hast molecular w’cight in camphor, 321 (calculated, 201) 

In a capillary tube, the pure pigment decomposed at 217-223 with 
evolution of gas and the appearance of a red color. Methoxyl groups were 
absent, according to the Zeisel determination; sodium fusion tests for 
halogens and sulfur were likewise negative. The pigment is almost insol- 
uble in water, difficultly soluble in ether, methanol, and ethanol, fairly 
soluble in acetone, and very soluble in dimethyl formamidc. It ffissolves 
in sodium bicarbonate solution to give a bright yelIo\y color. Addition o 
sodium hydroxide causes no change in color; acidification precipitates 
crystalline penitrinic acid. 

Potentiometric titration of the pigment in aqueous acetone showe e 
presence of a carboxyl group of pK 6.4 and indicated an equivalent v eig i 
of 288 (calculated, 291). 

With ferric chloride in 50 per cent alcohol, penitrinic acid develops an 
intense greenish brown color. In the same solvent, mercuric nitrate gives 
with the acid a voluminous white precipitate soluble in acetic acid. 

a-Penitrin — For decarboxylation, 475 mg. of penitrinic acid weie re uxc 
under nitrogen for 16 hours with 50 cc. of 2 N sulfuric acid. An c ler 
extraction was made, and the ether was washed tivice with sodium icar 
bonate solution to remove unchanged penitrinic acid. The ether so u ion 
on concentration yielded 290 mg. of yellow crystals. Repeated reerj s a^ 
lization from aqueous acetone and from acetone-petroleum et ler gw e 
107 mg. of pale yellow needles with a melting point of 171-172 ( ar -ening, 
but no evolution of gas). /3-Penitrin, which is formed in smaller amoun 
at the same time, was not detectable in x-ray diffraction patterns o tame 

from our best samples. ,. , , , 

a-Penitrin appears to be a phenol, since it is soluble in so ^ lum ij roxi c 
and gives momentarily an almost black solution with ferric c on e. ^ 
gives a deep blue color with phosphomolybdic acid when ammonia is 
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added. With mercuric nitrate in 60 per cent alcohol, a-penitrin gives 
a white precipitate soluble in acetic acid. Unlike penitrinic acid, a-penitrin 
is optically inactive. 

Analysis — ChHitOiN. Calculated, C 67.99, H 6.93, N 5.66; found (after 1.5 hours 
drying at 100° under 2 mm. pressure), C 68.1, 68.2, H 6.80, 6.80, N 5.49 (Dumas), 5.67 
(Kjeldahl) 

fi-Peniirin — Penitrinic acid (816 mg.) was dissolved in 58 cc. of 0.513 K 
potassium hydroxide (10.6 equivalents of alkali per mole of compound), 
and the solution was heated at 60° for 4 hours. The odor of ammonia 
was detectable in 5 minutes. The brown solution was cooled and carbon 
dioxide was bubbled through it. The yellow crystals which precipitated 
were separated (weight 350 mg.) and were found to melt in the range 
170-190°. Two crystallizations from acetone-petroleum ether gave 72 mg. 
of very pale yellow needles, which melted at 204-205° to a dark melt, 
ivithout evolution of gas. 

Unlike a-penitrin, the alkaline hydrolysis product gives only a light 
orange color ivith ferric chloride and no precipitate with mercuric nitrate 
in 50 per cent alcohol solution. With phosphomolybdic acid, /S-penitrin 
gives a blue color on addition of ammonia. It is optically inactive. 

Anofysts— C kHiiOjN. Calculated, C 67.99, H 6.93, N 5.66; found (after 1 hour’s 
drying at 80° under 2 mm. pressure), C 68.1, H 6.97, N 5.69 (Dumas), 5.66 (Kjeldahl) 

This investigation of penitrinic acid was carried out during our early 
work on the isolation of penicillin, when it appeared that a pigment might 
be a part of the penicillin molecule. Since such a relationship does not 
exist, we are not now in a position to continue our study of this compound. 

We are indebted to R. T. Milner, E. H. Melvin, and D. MacMillan of 
the Analytical and Physical Chemical Division of this Laboratory for the 
absorption spectra determinations and electrometric titrations. The 
microanalyses were made by C. H. Van Etten of the same Division. 

SUMMARY 

A pigment, penitrinic acid, of composition CuHivOsN, has been isolated 
from Penicillium noiaium culture liquors. Acid hydrolysis decarboxylates 
the compound to a-penitrin, CwHnOaN. An isomeric product, j 9 -penitrin, 
results from alkaline hydrolysis. 
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The formation of lactic acid from glucose is an important reaction in the 
carbohydrate metabolism of the malaria parasite. Lactic acid appears 
to be the sole product of glucose utilization by the parasite under anaerobic 
conditions and also accumulates, as an intermediate, in the oxidation of 
glucose to carbon dioxide and water in the presence of oxygen (1, 2). 

The present report comprises a study of the mechanism of lactic acid 
formation from glucose by the malaria parasite Plasmodium gallinaceum. 
It has been possible to prepare, for the first time, cell-free enzyme extracts 
from the parasite capable of the in vitro conversion of glucose to lactic acid. 
These extracts were found to phosphorylate glucose by a transfer of phos- 
phate from adenosine triphosphate and to catalyze the oxidation-reduction 
between 3-phosphoglyceraldehyde and pyruvic acid. 

Methods and Materials 

Inorganic phosphate was determined by the method of Gomori (3) 
on trichloroacetic acid filtrates. 

Adenosine triphosphate was isolated from rabbit muscle according to 
Needham (4). Fructose-1 ,6-diphosphate was separated from the products 
of yeast fermentation as the barium salt and purified as the acid barium 
salt (5). Diphosphopjrridine nucleotide was isolated from yeast by the 
method of Williamson and Green (6). 

Other matters of experimental procedure are described later. 

Enzyme Preparations 

Two types of enzyme preparations were employed in studying the 
glycolysis of Plasmodium gallinaceum. The first type, called a hemolysate, 
was prepared by treating parasitized red blood cells with water and then 
centrifuging off the cellular material. This procedure completely laked 

* The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the OfBce of Scientific Research and 
Development and the University of Chicago. This work was also supported in part 
by grants from the Dr. Wallace C. and Clara A, Abbott Memorial Fund of the Univer- 
sity of Chicago. For the first paper in this series, see Silverman, Ceitbaml, Talia- 
ferro, and Evans (1). 
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the red cells and partially disrupted the parasites also. Therefore, the 
hemolysate contained the glycolytic enzymes from both the red cells and 
the parasites. Although the greater part of the total enzyme activity 
was due to the enz 3 mes from the parasites, it was necessary to run control 
experiments with hemolysates of normal red cells. The second type of 
preparation, called an extract, was made by laking or saponizing para- 
sitized red cells, washing the liberated parasites free from hemoglobin, 
and then grinding this parasite material and extracting the enzymes. Since 
the washing removed the glycol 3 d,ic enzymes of the red cells, control experi- 
ments -with preparations from normal red blood cells were not necessary. 

The red blood cells of chickens infected with Plasmodium gallinaceum, 
strain 8-A, as designated by the Committee on Terminology of Strains of 
Avian Malaria of the American Society of Parasitologists, were used in 
making enzyme preparations. ‘ Blood was drawn by heart pimcture at the 
height of parasitemia, about 4 days after inoculation of the chickens with 
1 " ,.Led blood. At this time 60 to 90 per cent of the red cells contained 
one or more parasites. Clotting was prevented by adding 1/10 volume of 
10 per cent sodium citrate to the blood. 

Hemolysates — ^Hemolysates prepared in a manner similar to that de- 
scribed by Meyerhof (7) in his work on glycolysis in erythrocytes were used 
to study the phosphorylation of glucose. The citrated blood was centri- 
fuged, and the cells were washed three times by suspending them in 4 
volumes of 0.9 per cent sodium chloride and centrifuging again. The 
washed cells were treated with 2 volumes of distilled water and allowed to 
hemolyze for 15 minutes with occasional shaking. Then sufficient 7 per 
cent sodium chloride (1/10 volume) was added to restore the salt concentra- 
tion to about 0.9 per cent, and the solid material was centrifuged off 
vigorously. The supernatant solution, which contained large amounts 
of hemoglobin but was perfectly clear, was used as the enzyme. All opera- 
tions were carried out in a cold room at 0°. The concentration of the 
hemolysate was calculated in terms of the volume of packed red blood cells 
used in its preparation. 

Extracts — ^Extracts of parasite material were employed in studying the 
oxidation-reduction reactions. The citrated blood was centrifuged, and 
the cells were washed tv ice by suspending them in 4 volumes of calcium- 
free phosphate-saline (8) containing 0.1 per cent glucose. The cells were 
then suspended in 4 volumes of the same medium and treated with sufficient 
4 per cent saponin in phosphate-saline (1/40 volume) to make the final 
concentration of saponin about 0.1 per cent. These conditions of sapon- 
ization are similar to those described by Christophers and Fulton (9). 
After the saponin had been thoroughly mixed with the red cell suspension, 

1 VJe are greatly indebted to Mr. William Cantrell of the Department of Bacte- 
riology and Parasitology for providing us with the infected birds. 
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the solid material was centrifuged down and washed twice by suspending 
in 4 volumes of phosphate-saline-glucose and twice in 0.9 per cent sodium 
chloride containing O.'l per cent glucose. This washing removed nearly 
all the hemoglobin and therefore probably removed the extranuclear 
enzymes of the red cells also. The washed parasite material was dark 
gray-brown in color and viscous in consistency; it contained parasites and 
some white cells and red cell nuclei. This material was ground with an 
equal volume of powdered Pjwex glass in a mortar or in a bacterial mill 

(10) . 1 volume of water was added to the paste, and after \dgorous centrif- 
ugation a brown, turbid, cell-free extract was obtained. All steps of 
the preparation were carried out in a cold room at 0°. 

The parasites may also be released from the red blood cells by hemolysis. 
The procedure used was that described above, except that the washings 
were carried out with phosphate-saline-glucose and only Ij volumes of 
water were used for the hemolysis. This procedure certainly caused some 
cytolysis of the parasites, since the clear supernatant obtained by centri- 
fuging' down the hemolyzed cells was more active in phosphorylating glucose 
than similar hemolysates prepared from normal chicken red cells. Still, 
if the solid residue was washed free from hemoglobin, ground with powdered 
glass, and extracted with water, a solution of enzymes capable of catalyzing 
the oxidation-reduction reactions was obtained. 

Omission of glucose from the wash solutions usually gave extracts of 
low enzymatic activity. Loss of activity was rapid even at 0°. Extracts 
prepared in the same way from unparasitized red cells always showed less 
than 10 per cent of the enzymatic activity usually found in extracts made 
from parasitized red cells. 

Results 

Phosphorylation of Glucose 

In yeast glucose is phosphorylated by a transfer of phosphate from adeno- 
sine triphosphate to glucose, with the formation of glucose-6-phosphate 

(11) (Equation 1). This reaction is catalyzed by the enzyme hexokinase. 

0 o o 

r-TT. « 'I 

1 1 I 

o- o- O- 

Glucose Adenosine triphosphate 

0 O (1) 

II II 

C,HuO.PO,”-t- adenosine— 0— P—0— P— O' 

0- o- 

Glucose-G- Adenosine diphosphate 

phosphate 
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Most of the subsequent steps in the glycolj’tic breakdown of glucose-6- 
phosphate are the same in j-east and in muscle. The enzjmie phospho- 
hexoisomerase brings about the rearrangement of glucose-6-phosphate to 
fructose-6-phosphate (12). In the presence of the enzyme phospho- 
hexokinase, fructose-6-phosphate is converted to fructose-l, 6-diphosphate 
by a second transfer of phosphate from adenosine triphosphate (13) 
(Equation 2). 

0 0 0 

n . II 1! 

CeHiiOsPOi” -f adenosine — 0 — P — O — ^P — O — P — 0” — » 

I I i 

o- 0- o- 

Fructose-6- Adenosine triphosphate 

phosphate 

0 O (2) 

. . I! fi 

C«HioO*(POi“)s -b H+4- adenosine — O — P — O — P — 0“ 

1 I 

o- 0- 

Fructose-1,6- Adenosine diphosphate 

diphosphate 

Magnesium or manganous ions are necessary as cofactors for these phos- 
phate transfer reactions. 

Reactions of Glucose Phosphorylation — ^The phosphorylation of glucose 
by the malaria parasite was studied in hemolysates of parasitized red blood 
cells, and control experiments were carried out with hemolysates of normal 
chicken red cells. Qualitatively the reactions occurring were the same in 
hemolj'sates from both normal and parasitized red cells. Both preparations 
contained the enzyme adenosinetriphosphatase, which hydrolyzes adenosine 
triphosphate to adenosine diphog)hate or adenylic acid and inorgamc 
phosphate. This enzjTne could largely be inhibited by the addition of 
fluoride. In the presence of fluoride and magnesium ions,- the hemolj'sates 
catalyzed a rapid transfer of phosphate from adenosine triphosphate to 
glucose. Analyses for the pyrophosphate groups of adenosine triphosphate 
(phosphate liberated by hydrolysis with 1 n H:B 04 for 10 minutes at 
100° (14)) indicated that these labile phosphate groups disappeared 
and a more stable phosphate compound was formed. Fructose analyses 
by the method of Roe (15) suggested that the product was fructose-1, 6- 
diphosphate. The reaction stopped when one of the labile phosphate 
groups of adenosine triphosphate had been transferred to glucose. There 
was no relationship between the percentage of red cells infected and the 
enzj’matic activity of the hemolysate, within the range of 60 to 90 per cent 
infection. 
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Manometnc Experiments on Glucose Phosphorylation — ^As Equations 
1 and 2 indicate, the transfer of phosphate from adenosine triphosphate to 
a hydroxyl group results in the formation of acid. Therefore this reaction 
can conveniently be studied by employing a bicarbonate buffer in the test 
system and measuring the evolution of carbon dioxide by the Warburg 
manometric technique (11). In the case of red blood cell hemolysates, acid 
formation which occurred in the absence of glucose was the result of hy- 
drolysis of the adenosine triphosphate and is referred to as “adenosinetri- 
phosphatase activity.” Acid formation which occurred in the presence of 
glucose was the result of transfer of phosphate from the adenosine triphos- 
phate to glucose, along ^th some hydrolysis of the adenosine triphosphate; 


Table I 

^denosinelriphosphalase and Hexokinase Activily in Red Blood Cell Hemolysates 
The Bamples contained 0.028 m NaHCOi, 0.004 m MgSOi, 0.028 si KF, 0.012 sr 
glucose (none when adenosinetriphosphatase activity was being measured), 0.0036 
SI adenosine triphosphate (tipped in from side arm after equilibration), and 1.4 cc. 
of hemolysate of normal chicken red cells (equivalent to about 0.36 cc. of cells) or 
0.7 cc. of hemolysate of parasitized red cells (equivalent to about 0.21 cc. of cells), 
in a total volume of 2.S cc. Warburg manometers; gas phase, 5 per cent COs-OSper 
cent Nj; temperature 39°. The retention factor ((observed C02)/(true COj)) was 
about 0.7 for mixtures with hemolysates of normal red cells and 0.85 for mixtures 
with hemolysates of parasitized red cells. Activities are expressed in microliters 
of COi evolved per cc. of red cells per hour, corrected for retention. The figures in 


Normal red cells 

Parasitized red cells 

No. of samples 

Adenosine* 

triphosphatase 

Heiokinasc 

No. of samples 

AdcDosine- 

trlpbospbatase 

Hezokinase 

6 

56 

(31-103) 

378 

(290-591) 

12 

76 

(44-102) 

1630 

(899-2270) 


it is termed “hexokinase activity.” Since the hemolysates contained 
hemoglobin in high concentrations and since different volumes of hemoly- 
sate were used in experiments with normal and parasitized material, it 
Was necessary to correct the observed gas evolution for retention of carbon 
dioxide by the buffering action of the protein, in order to obtain comparable 
results. 

The results of experiments on the adenosinetriphosphatase and the hexo- 
kmase activities of hemolysates of normal and parasitized chicken red cells 
are collected in Table I. The much greater hexokinase activity found in 
emolysates of parasitized erythrocytes indicates that the parasites contain 
considerable quantities of the enzymes hexokinase and phosphohe-xokinase, 
W’hich are released by cytolysis. The small difference in adenosinetriphos- 
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phatase activity between bemolysates of normal and parasitized red cells 
shows that most of this enzyme present in the hemolysates was derived 
from the red cells and not from the parasites. 

Glucose Phosphorplalion in Parasite Extracts — Extracts of parasite 
material, when tested in the manometric system for studying the phos- 
phorylation of glucose, showed little activity aside from that caused by the 
enzyme adenosinetriphosphatase. This interfering enzyme was not in- 
hibited by fluoride. Nevertheless, by the use of a different technique it 
was possible to show that the extracts were able to phosphorylate glucose. 
This reaction results in the formation of compounds giving a positive test 
for fructose in the Seliwanoff reaction (fructose-6-phosphate and fructose- 
1, 6-diphosphate). Extracts of parasite material were able to convert 
glucose to “fructose,” and the reaction could be followed by quantitative 
determinations of fructose made according to Roe (15). Since this con- 
version was greatly accelerated by the addition of adenosine triphosphate, 
it undoubtedly involved phosphorylation of glucose by the reactions more 
clearly demonstrated by the use of hemolysates. 

These experiments show that the malaria parasite initiates the break- 
down of glucose by phosphorylation in the manner known to occur in yeast 
extracts. 


Oxidalion-Reduclion Reactions 

Muscle and yeast extracts contain an enzyme, aldolase, which catalyzes 
the splitting of fructose-1 , 6-diphosphate, formed by the reactions described 
above, into 2 molecules of triose phosphate, 3-phosphoglyceraldehyde and 
dihydroxyacetone phosphate (16, 17) (Equation 3). The next step in 
glycolysis in these extracts is the oxidation of 3-phosphoglyceraldehyde 

Fructose-l, 6-diphosphate ^ (3) 

3-phosphoglyceraldehyde -)- dihydroxyacetone phosphate 

by diphosphopyridine nucleotide (DPN) in the manner represented by 
Equation 4 (18) ; the enzyme catalyzing this reaction is 3-phosphoglyc- 
eraldehyde dehydrogenase. This equilibrium reaction goes in the forward 

3-Phosphoglyceraldohyde + phosphate -h DPN'*' ^ W 

1,3-diphosphoglyceric acid -h DPNH -f H 

direction because of the further reaction of the 1 , 3 -diphosphoglyceric 
acid and because of the reoxidation of the reduced DPN (DPNH) by 
pyruvate (formed from the 1,3-diphosphoglyceric acid) (Equation 5); 
the enzyme which catalyzes this oxidation, lactic dehydrogenase, is present 
in muscle extracts. One phosphate group of the 1 , 3 -diphosphoglycenc 
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acid is transferred to adenosine diphosphate in the presence of the appro- 
DPNH + H+ + pyruvate ^ DPN+ + lactate (5) 

priate enzyme (18, 19) (Equation 6). The 1 , 3 -diphosphoglyceric acid 

1,3-Diphosphoglyceric acid + adenosine diphosphate (®) 

3-phosphoglyceratc 4* adenosine triphosphate 


also breaks down spontaneously to 3 -phosphoglyceric acid and inorganic 
phosphate, but the rate of this reaction is slower than that of the enzymatic 
phosphate transfer. In order that the transfer of phosphate from 1,3- 
diphosphoglyceric acid to adenosine diphosphate may proceed nearly to 
completion, adenosine diphosphate must be present in excess or must^ e 
continuously regenerated from the adenosine triphosphate. Adenosine 
diphosphate may be formed from adenosine triphosphate as t e resu t 
of hydrolysis by the enzyme adenosinetriphosphatase or as the resu t 
of a transfer of one phosphate group from adenosine triphospha,te to a 
phosphate acceptor such as glucose (Equation 1). Magnesium i^ are 
required as a cofactor for these phosphate transfer reactions. “ ® 

basis of these facts, one suitable system for studying the oxida lOR o ' 
phosphoglyceraldehyde would contain stoichiometric amounts ° ® 

substrate, inorganic phosphate, glucose, and pyruvate, and ca a y ic 
amounts of DPN, adenosine diphosphate (or adenosine triphosphate), 
and magnesium ions. The over-all reaction occurring in this system ( e 
sum of Equations 4, 5, 6, and 1) is represented by Equation . vas 


f’7\ 

3-Pho8phoglyceraldehyde + phosphate -b glucose -f pyruvate — > , . , 

3-phosphoglycerate + H+ -1- glucose-6-pho3phate + lactate 


felt that the demonstration of such an oxidation in parasite materia wou^ 
be strong evidence for the occurrence of a phosphorylating g j co j sis m 

the malaria parasite. , , , 

Aldolase Reaction— Extracts of parasite material were able to spui 
fructose-1 ,6-diphosphate to triose phosphate. The products o t espi mg 

of fructose-1 ,6-diphosphate by the enzj’me aldolase, 3-p osp 
dehyde and dihydroxyacetone phosphate, may be identi e 3 e 
that their phosphate groups are readily' hydrolyzed by ^ t ^ ^ ^ 

temperature (16). Since the reaction reaches an equilibnum 
products are removed, cyanide was added to bind the triose p osp 
In a system containing fructose-1 ,6-diphosphate, cyanide, an an ^ 
of parasite material, the formation of compounds containmg a 'a 
phosphate groups was observed. This indicates that t le rue -e , 
diphosphate was being split in the manner represented by qua ion 
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Coupled Oxidalim-Reduclton Reaction — ^The oxidation of 3-phospho- 
glyceraldehyde according to Equation 7 results in the formation of acid. 
Therefore the process can be followed conveniently by measuring the carbon 
dioxide liberated from a bicarbonate buffer containing the test system. 
The test system used in studying the o.xidation contained magnesium, 
fluoride, inorganic pho.sphate, glucose, fructose-1, 6-diphosphate, pyruvate, 
DPN, adenosine triphosphate, and an extract of parasite material. Fluo- 
ride was added to inhibit partially the adenosinetriphosphatase present 
in the extracts and to prevent the breakdown of the 3-phosphoglycerate 
to pyruvate (20, 21). Fructose-1 ,6-diphosphate was used as the substrate, 
since the extracts contained the enzyme aldolase. 

Table II 

Components of System Oxidizing S-Phosphoglyceraldehyde 

The complete system contained 0.026 m NaHCOj, 0.004 m MgSOi, O.OOS u phos- 
phate at pH 7.4,0.02 m KF, 0.013 m glucose, 0.013 m sodium pyruvate, 0.0007 m adeno- 
sine triphosphate, 0.00007 m diphosphopyridine nucleotide, 0.0035 m fructo»e-l, 
6-diphosphate (tipped in from the side arm), and 1.7 cc. of an extract of parasite-ma- 
terial (prepared by saponization, 0.9 per cent NaCl without glucose used for all 
washings), in a total volume of 2.5 cc. Warburg manometers; gas phase, 5 per cent 
COj-9S per cent Nj; temperature 39°. 


Sajnple 

Rate 


microlUrrs COt ftr hr* 

56 


44 

'' glucose 

42 


41 


39 

“ MgSbt 

34 


33 


■ 27 


— 


Oxidation of 3-phosphoglycei'aldehyde by extracts of parasite material 
required all the components of this test system, as shown by the data m 
Table II. Omission of fructose-1, 6-diphosphate, glucose, adenosine tri- 
phosphate, inorganic phosphate, magnesium, DPN, or pyruvate decreased 
the rate of the reaction by 20 to 50 per cent. The activity of the system 
in this experiment was much smaller than that usually obtained, because 
in the preparation of the extract it was necessary to omit glucose from the 
wash solutions. 

Effects of Arsenate and lodoacelate — Arsenate and iodoacetate nave 
characteristic effects on the oxidation of 3 -phosphoglyceraldehyde. Ai^- 
nate is believed to replace inorgam'c phosphate in Reaction 4, formmg 



J F. SPECK AND E. A. EVANS, JR. 


79 


l-arseno-3-phosphoglycerio acid as the product of the oxidation; this sub- 
stance breaks down rapidly and spontaneously to arsenate and 3-phos- 
phoglycenc acid (18). Therefore, in the presence of arsenate the oxidation 
of 3-phosphoglyceraldehyde occurs according to Equation 8. The coupling 

3-PhosphogIyceraldehyde 4- DPN+ — > 3-phosphoglycerate -f- DPNH -f- 2 H+ (8) 
of the oxidation ivith the uptake and transfer of phosphate is avoided. 


Table III 

Effect of Arsenate and lodoaceiate on Oxidation of S-Phosphoglyceraldehyde 
n system contained 0.026 m NaHCO,, 0.004 m MgSO,, 0.02 m KF 

JWJ5 M fructose-1, 6-diphosphate, 0.013 m sodium pyruvate, 0.00007 m diphospho- 
“ phosphate at pH 7.4, 0.013 m glucose, 0.0007 M adenosine 
P osphate, and 1.7 co. of e.xtract of parasite material, in a total volume of 2.5 cc 
ihe arsenate sample contained 0.0012 m Na,HAsO, and no phosphate, glucose, or 
The iodoacetate sample was like the arsenate sample with 
^ 0.0012 M sodium iodoacetate. Warburg manometers; gas- phase. 5 

per cent COi-95 per cent Ns; temperature 39°. 


Complete. . . 

Arsenate 

Iodoacetate, 


Sample 


Rate 


fnicroIUers COi per hr* 


143 

221 

19 


Table IV 

Lactic Dehydrogenase Activity of Parasite Extracts 
Thecomplete system contained0.02Mphosphate at pH 7.4, 54 y of sodium dichloro- 
and°n ^ ^ lithium di-lactate, 0.00003 il diphosphopyridine nucleotide, 
ri h extract, in a total volume of 5.0 cc. The parasite material was pre- 
NaCI f ^ the red cells, and the extract was dialyred against 0.9 per cent 

or 4 hours at 0°. Temperature 21°. AO represents the increase in percentage 
nsmiBsion, measured in an Evelyn photoelectric colorimeter with Filter 620. 


S&mple 


Kate, A(7 m 4 min. 


Complete jq 2 

Without lactate 4 0 

diphosphopyridine nucleotide 4.2 


With arsenate present instead of inorganic phosphate, Reaction 7 would 
e changed to Reaction 9. Since the phosphate transfer reactions are 

3 Thosphoglyceraldehyde -1- pyruvate — > 3-phosphoglycerate -h H'*' lactate (9) 

usually slower than the oxidation itself, the addition of arsenate charac- 
em ically increases the rate of the oxidation of 3-phosphoglj’'ceraldehyde 
hn makes the reaction independent of the presence of inorganic phosphate, 
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magnesium, adenosine triphosphate, and glucose or other phosphate accep- 
tors. Tlie specific action of iodoacetate consists i» inhibiting 3-phos- 
phoglyceraldehyde dehydrogenase, the enzyme which catalyzes Reactions 
4 and 8 (22). Few other knoum enzymes are equally sensitive to low con- 
centrations (0.001 m) of iodoacetate. 

Table III gives the results of an experiment on the effects of arsenate 
and iodoacetate on the oxidation of 3-phosphoglycenddehyde in extracts 
of parasite material. Arsenate markedly accelerated the reaction, and 
iodoacetate caused an inhibition of more than 90 per cent. 

Lactic Dehydrogenase — The presence in extracts of parasite material of 
the enzyme lactic dehj'drogenase, which catalyzes Reaction 5, was demon- 
strated by means of the colorimetric technique described by Haas (23). 
An Evelyn photoelectric colorimeter -with Filter 620 was used to measure 
the rate of reduction of the dye. The change in percentage transmissioi 
{AG) per unit time was proportional to the enzyme activity, and the rah 
was constant over short periods of time. The results of an expedmen 
on the lactic dehydrogenase activity of an extract of parasite material an 
iw Tah>l% W . It is diffiisnit to olAwin prspsiatioos ■witR wo ootvatj 
in the absence of added DPN or lactate. 

The experiments which have just been described indicate that the malarii 
parasite is capable of converting fructose-1, 6-diphosphate to 3-phos 
phoglyceraldehyde and of oxidizing the latter substance by a mechanisn 
similar to that found in muscle extracts. 

DISCUSSION 

No previous study has been made of the mechanism of the formation oi 
lactic acid from glucose by protozoa. Therefore it is of interest to find 
that the malaria parasite glycolj'-zes by a process similar to that found m 
a wide variety of other organisms (plants, bacteria, yeast, vertebrates). 
In this respect, as in the oxidative reactions thus farinvestigated, the metab- 
olism of the parasite conforms to a pattern common among living cells. 

SUMMARY 

The preparation of cell-free enzyme extracts from the malaria paraate 
is described. These extracts convert glucose to lactic acid by a path shmter 
to the, phosphorylating glycolysis of yeast and vertebrate muscle. T-he 
preparations contain enzymes which catalyze the phosphorylation of glucose 
by adenosine triphosphate, the splitting of fructose-1, 6-diphosphate o 
form 3-phosphoglyceraldehyde, and thedismutation between S-phosphog yc- 
eraldehyde and pyruvic acid. 
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THE BIOCHEMISTRY OF THE MALARIA PARASITE* 

III. THE EFFECTS OF QUININE AND ATABRINE ON GLYCOLYSIS 
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In Paper II (1) it was shotvn that the formation of lactic acid from glucose 
by the malaria parasite is a process similar to the phosphorylating glycolysis 
of yeast and vertebrate muscle. Quinine and atabrine have been found to 
inhibit the glycolysis (2) as weU as the oxygen uptake (2-4) of the parasite. 
Since glycolysis is a preliminary stage in the oxidation of glucose under 
aerobic conditions and is the only path for the utilization of glucose anaero- 
bically, it was believed that an investigation of the effects of antimalarial 
drugs-on this process might aid in understanding the mode of action of these 
drugs. 

The present paper describes the action of quinine and atabrine on the 
phosphorylation of glucose and the dehydrogenation of 3-phosphoglyc- 
eraldehyde and lactic acid by preparations of the avian parasite Plas- 
modium gallinaceum. Comparable experiments with glycolytic enzymes 
from yeast and mammalian muscle are also reported. 


Methods and Materials 

Inorganic phosphate was determined by the method of Gomori (5) 
on trichloroacetic acid filtrates. Quinine interferes with the estimation of 
phosphate by the molybdenum blue method by forming a precipitate with 
phosphomolybdic acid, and atabrine interferes because of its deep yellow 
color. Both difficulties can be avoided by extracting the free bases from 
alkaline solution with an immiscible solvent. The solution to be analyzed 
for phosphate is made alkaline to phenolphthalein, extracted twice with 
an equal volume of carbon tetrachloride, and clarified by centrifugation. 

Solutions of quinine and atabrine for use in the enzyme e.xperiments 
were prepared by neutralizing solutions of the dihydrochlorides with 1.5 
equivalents of sodium bicarbonate. The final concentration of the neutra- 
lized solutions was not made greater than 0.01 xi; otherwise the bases did 
not remain in solution long enough to permit their being pipetted into the 
reaction mixtures. 


The work described in this paper was done under a contract, reconunended by 
tte Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Chicago. This work was also supported in part 
by grants from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the UniTCr- 
fiity of Chicago. 
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Adenosine triphosphate, fructose-1 , 6-diphosphate, and diphosphopyridine 
nucleotide were prepared as described in Paper II (1). The glycogen and 
adenylic acid were commercial preparations. Potassium glucose-1 -phos- 
phate was obtained essentially by the method of Hanes (6). In our expe- 
rience, after removal of barium with sulfuric acid and neutralization with 
potassium hydroxide, the potassium glucose-l-phosphate did not precipitate 
on addition of an equal volume of alcohol. It could be obtained in crys- 
talline form by adding more alcohol to the supernatant and allowing it 
to stand in the cold. Phosphoglyceric acid was prepared according to Neu- 
berg and Kobel (7). Phosphopyruvic acid was sjmthesized by a modi- 
fication of the method of Kiessling (8) suggested by Dr. Gerhardt Schmidt.* 
Adenosine diphosphate was prepared from adenosine triphosphate by the 
use of yeast hexokinase (9). ' 

The preparation of enzyme extracts from malaria parasites (Plasmodium 
galUnaceum) is described in Paper II (1). The enzymes from yeast and 
muscle are described in connection ivith the particular reaction for which 
'they were used. 

Results 

Effects of Quinine and Atabrine on Glycolysis in Preparations from 
Malaria Parasites 

Phosphorylation of Glucose — ^The effect of quinine and atabrine on the 
phosphorylation of glucose by hemolysates of normal and parasitized 
chicken red blood cells was studied with the manometric system described 
in Paper II (1). The results of several experiments are summarized in 
Table I. Quinine in concentrations from 0.0001 to 0.002 m inhibited the 
phosphorylation of glucose in hemolysates of normal chicken red cells 
but caused only a slight inhibition in hemolysates of parasitized red cells. 
The inhibition in the latter case was not greater than would be expected 
from inhibition of that fraction of the total hexokinase activity (about 
one-fourth) derived from the enzymes of the red cells themselves. How- 
ever, atabrine in the same concentrations as quinine caused an equal 
inhibition of the phosphorylation of glucose, in hemolysates of both normal 
and parasitized erythrocytes. 

S-Phosphoglyceraldehyde Dchydrogmase — ^The effects of quinine and 
atabrine on the enzyme 3-phosphoglyceraldehyde dehydrogenase were 
studied in a system in which the over-all process was that described by 
Equation 1. Three enzymatic reactions are involved in this process; 

Fructose-1, 6-diphosphate -h pyruvate ® 

3 -phosphogly cerate -(-H+ -h lactate + dihydroxyacetone phospnate 

(1) the splitting of fructose-1, 6-diphosphate to 3 -phosphogIyceraldehyde 
‘ Schmidt, G., personal commUDication. 
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and dihydroxyacetone phosphate (catalyzed by the enzyme aldolase); 
(2) the oxidation of 3-phosphoglyceraldehyde by diphosphopyridine nucleo- 
tide in the presence of arsenate to form 3-phosphogly ceric acid and reduced 
diphosphopyridine nucleotide (catalyzed by the enzyme 3-phosphoglyc- 
eraldehyde dehydrogenase) ; and (3) the reoxidation of the reduced diphos- 
phopyridine nucleotide by pyruvate to form diphosphopyridine nucleotide 
and lactate (catalyzed by the enzyme lactic dehydrogenase) (see the dis- 
cussion of the oxidation-reduction reactions in Paper II (1)). An excess 
of purified preparations of the enzymes aldolase and lactic dehydrogenase 
was added; therefore the rate of the over-all process was determined by 
the activity of the 3-phosphoglyceraldehyde dehydrogenase. 

Table I 

Effect of Quinine and Alahrine on Hexohinase Activity of Red Blood Cell Hemolysates 

The sample contained 0.028 m NaHCOa, 0.004 m MgSOa, 0.028 m KF, 0.012 m glucose, 
0.0036 i! adenosine triphosphate (added from the side arm after equilibration), 1.4 
cc. of hemolysate of normal chicken red cells or 0.7 cc. of hemolysate of parasitized 
red cells, and the concentrations of quinine and atabrine indicated below, in a total 
volume of 2.5 cc. Warburg manometers; gas phase, 5 per cent COa-OS per cent N*; 
temperature 39°. 


Concentration of 

Per cent Inhibition by 





inhibitor 

[ Quinine | 

1 Atabrine 


Normal 

Parasitized 

Normal 

Parasitized 

u 





0.0001 

6 

4 

6 

8 

0.0005 

18 

4 

8 

18 

0.001 

23 

8 

31 

26 

0.002 

43 

1 

10 

40 

39 


Aldolase was purified according to Herbert et al. (10) through the stage 
of the first fractionation with ammoniacal ammonium sulfate. Lactic 
dehydrogenase was prepared from beef heart by following the method of 
traub (11) through the second ammonium sulfate precipitation. Since 
ncid is formed, the reaction was follow'ed by measuring the evolution of 
carbon dioxide from a bicarbonate buffer containing the test system. The 
complete test system contained bicarbonate, arsenate, fluoride, fructose- 
, 6-diphosphate, pyruvate, and the three enzymes aldolase, 3-phosphoglj'c- 
cra dehyde dehydrogenase, and lactic dehydrogenase. If only aldolase 
an lactic dehydrogenase were added, no acid was formed. Therefore these 
"0 preparations were free from 3-phosphoglyceraldehyde dehydrogenase 
achvity. When a preparation containing 3 -phosphoglyceraldehyde de- 
y rogenase was added, in addition to the other two enzymes, acid was 
onned at a rate which was proportional to the amount of dehydrogenase 
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added and was constant until at least one-third of the fructose-1 ,6-diphos- 
phate had been used. Extracts of parasite material (1) as well as prepara- 
tions made from rabbit skeletal muscle were effective as sources of 3-phos- 
phoglyceraldehyde dehydrogenase. 

The effect of quinine and atabrine on the enzyme 3-phosphoglyceralde- 
hyde dehydrogenase extracted from parasite material was investigated 
by the use of the system just described. In concentrations up to 0.002 m 
neither drug inhibited this enzyme significantly. These results are shown 
in Table II. 

Lactic Dehydrogenase — ^The effect of quinine and atabrine on the enzyme 
lactic dehydrogenase in extracts of parasite material was studied by means 

Table II 

E^ecl of Quinine and Alahrine on S-Phosphoglyceraldekyde 
Dehydrogenase in Parasite Extracts 

The samples contained 0.026 m NaHCOj, 0.005 m NajHAsOj, 0.03 m NaF, 0.01 M 
sodium pyruvate, 0.005 ii fructose-1, 6-diphosphate (added from side arm after 
equilibration), 0.00037 m diphosphopyridine nucleotide, aldolase preparation con- 
taining 1 mg. of protein, lactic dehydrogenase preparation containing 3 mg. of 
protein, 0.8 ce. of an extract of parasite material (prepared by hemolysis), and the 
concentrations of quinine and atabrine indicated below, in a total volume of 2.5 co. 
Warburg manometers; gas phase, 5 per cent C02-95 per cent Nj; temperature 39°. 


Concentration oC inhibitor 

Activity of dehydrogenase 

Quinine 

Atabrine 

it 

mitratUert COt per S rrtin. 

tnicTptiters COi per S tnitt. 

0 

14.6 

12.6 

0.0001 

14.0 

12,8 

0.0003 

14.0 

13.2 


; 14.1 

12.5 

0.002 

14.2 

12.9 


of the colorimetric technique of Haas (12), as described in Paper II (!)• 
The results of two experiments are shown in Table III. Both drugs in- 
hibited the enzyme, but atabrine was considerably more effective than 
quinine. 

Effect of Quinine and Atabrine on Yeast Hexokinase 

The enzyme hexokinase in yeast catalyzes the transfer of one phosphate 
group from adenosine triphosphate to glucose, to form glucose-6-pho3phate 
and adenosine diphosphate (9). This same reaction is apparently the first 
step in the phosphorylation of glucose by the malaria parasite also (1). 

Hexokinase was prepared from bakers’ yeast according to Colowick and 
Kalckar (9), and the reaction was studied manometrically in a test system 
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similar to theirs. Determination of the labile pyrophosphate groups of 
adenosine triphosphate (phosphate hydrolyzed by 1 n H 2 SO 4 in 10 minutes 
at 100° (13)) showed that the formation of acid was accompanied by a 
decrease in pyrophosphate groups and the formation of a more stable 
phosphate compound. 

Table III 

Effect of Quinine and Atabrine on Lactic Dehydrogenase in Parasite Extracts 
The samples contained 0.02 si phosphate at pH 7.4, 54 7 of sodium dichlorophenol 
indophenol, 0.1 si lithium df-lactate, 0.00003 si diphosphopyridine nucleotide, 0.4 cc. 
of an extract of parasite material, and the concentrations of quinine and atabrine 
indicated below, in a total volume of 5.0 cc,; temperature 20°. The rate of reaction 
was measured as the increase in percentage transmission per unit time, read in an 
Evelyn photoelectric colorimeter with Filter 620. 


Concentration of inhibitor 

Per cent inhibition by 

Quinine 

Atabrine 

u 



0.0001 

5 

14 

0.0003 

7 

26 

0.001 

16 

38 


Table IV 

Effect of Quinine and Atabrine on Yeast Hexokinase 
The samples contained 0.02 si NaHCO,, 0.01 si MgSOi, 0.02 si glucose, 0.005 st 
adenosine triphosphate (tipped in from the side arm after equilibration), hexokinase 
preparation containing 1.0 mg. of protein, and the concentrations of quinine and 
atabrine indicated below, in a total volume of 2.0 cc. Warburg manometers; gas 
phase, 5 per cent COj-95 per cent N2; temperature 30°. The rate of reaction was 
about 140 microliters of COj per hour. 


Concentration of inhibitor 

Per cent inhibition by 

Quinine i 

Atabrine 

it 



0.0005 

6 

2 

0.001 

16 

8 

0.002 

23 

22 


The average results of seven experiments with quinine and the results 
of a single experiment with atabrine are given in Table Both quinine 
hnd atabrine are seen to inhibit the action of yeast hexokinase. 

Effect of Quinine on Glycolysis by Muscle Enzymes 

Acid Formation from Glycogen — The over-all reaction of glycolysis in 
rabbit muscle extracts is the formation of lactic acid from glycogen. Since 
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acid is produced, the course of the reaction can be followed by measuring 
the evolution of carbon dioxide from a bicarbonate buffer containing the 
test S3'stem (14). The sj'stem used contnmed 0.028 m NaHCOi, 0.007 m 
phosphate at pH 7.4, 9 mg. of glycogen, and 50 mg. of powder obtained fay 
lyophilizing an aqueous extract of rabbit skeletal muscle (14), in a volume 
of 3.0 cc. The samples were placed in Warburg manometers under an 
atmosphere of 5 per cent COr-95 per cent N., at a temperature of 35°, 
sad the glycogen ivas tipped in from the side arm after equilibratioa. 
About 300 microliters of COj per hour were evolved. 

Quinine consistent!}' inhibited the formation of acid in this system. The 
average results from several experiments indicated an inhibition of 8 per 
cent at a quinine concentration of 0.0005 M, of 14 per cent at 0.001 ii, 
and of 31 per cent at 0.002 .m. The inhibition was greatest when the enzyme 
was incubated with quinine before the reaction was started. When the 
quinine was tipped in at the same time as the glycogen, smaller inhibitions 
were observed. 

Phosphoryhse — ^The phosphorylation of gljxogen in muscle extracts 
occurs in the manner indicated in Equation 2 (15). Phosphorylase, the 

(C.H,oOO» + nHPO - ;:i nC.H„O.PO r (2) 

Glycogen Glucose-l-phosphate 

enzyme catalyzing this reaction, was prepared from rabbit muscle extract 
according to Green, Con, and Cori (16). It was not crystalline but was 
active and free from phosphoglucomutase actmty (conversion of glucose- 
l-phosphate to glucose-6-phosphate). 

The forward reaction, formation of glucose-l-phosphate, was studied 
in a system containing the enzyme phosphorydase, inorganic phosphate, 
glj'cogen, adenylic acid (as coenzyme), and reduced glutathione (to insure 
maximum activity of the enzyme). The reaction was followed by deter- 
mining the decrease in inorganic phosphate. The results of experiments 
on the effect of quinine on the phosphorylation of glycogen are given m 
Table V. Quinine markedly inhibited this reaction. The inhibition was 
proportional to the concentration of quinine and decreased with time. 

The reverse reaction, formation of polysaccharide from glucose-l- 
phosphate, was studied in a system like that of Cori and Cori (17). The 
process w'as followed by measuring the increase> in inorganic phosphate. 

A marked inhibition by quinine was observed, just as with the forward 
reaction. The degree of inhibition was proportional to the concentration 
of quinine and decreased with time. These results are illustrated in 
Table VI. 

Since these experiments measured the rate at which the reactions 
approached an equilibrium, a decrease in inhibition wdth longer periods o 
time was to be e.xpected. 



J, F. SPECK AND E. A. EVANS, JB. 


89 


Phosphoglucomutasc — The enzyme phosphoglucomutase catalyzes the 
attainment of an equilibrium between glucose-l-phosphate and glucose- 
6-phosphate (18). The enzyme used in these experiments was prepared 
according to Colowick and Sutherland (19), and the test system was similar 
to theirs. 

The results of a typical experiment on the effect of quinine on phospho- 
glucomutase are shown in Table VII. Quinine inhibited the conversion 

Table V 

Effect of Quinine on Phosphorolysis of Glycogen 
The Bamples contained 0.02 m reduced glutathione, 0.001 m adenylic acid, 0.05 m 
phoaphate at pH 7.2, 1 per cent glycogen, phosphorylase preparation containing 
6 mg. of protein, and the concentrations of quinine indicated below, in a total volume 
of 4 cc.; temperature 25°. 



j Decrease in inorganic P j 

Per cent inhibition 

Time 

No quinine 

0.001 ir quinine 

Concentration of quinine 


0.0005 u 

1 0.001 u 

1 0.002 %t 



1 

yfrret. 

y Per cc. 



WKM 

20 

180 

90 

37 

50 


40 

1 

250 

190 

19 

24 



Table VI 

Effect of Quinine on Polysaccharide Formation from 6lucose-l -Phosphate 
The samples contained 0.05 m glycerophosphate at pH 6.65, 0.02 M reduced gluta- 
thione, 0.001 M adenylic acid, 0.5 per cent glycogen, 0.016 M potassium gIucose-1- 
phosphate, phosphorylase preparation containing 4 mg. of protein, and the concen- 
trations of quinine indicated below, in a total volume of 4.0 cc.; temperature 20°. 


Time 

1 Increase in inorganic V 

No quinine 

0.001 K quinine 


y per cc. 

y per cc. 


132 

76 


252 

161 


Per cent inhibition 


Concentration of quinine 


0.0005 U 1 

0.001 U 1 

0.002 u 


42 

76 


36 

60 


of glucose-l-phosphate to glucose-G-phosphate, but to a variable e-xtent. 

Phosphorylation of Fruclose-6-phosphate — ^Fructose-6-phosphate is con- 
verted to fructose-1 ,6-diphosphate by a transfer of phosphate from adeno- 
sine triphosphate, catalyzed by the enzyme phosphohexokinase (20). 
Since this transfer results in the liberation of acid, rate studies can con- 
veniently be made by measuring the evolution of carbon dio.xide when the 
reaction takes place in a bicarbonate buffer. The reaction nuxture used 
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in these experiments contained 0.02 m NaHCOs, 0.006 m MgS 04 , 0.0012 m 
sodium iodoacetate, 0.012 m potassium glucose- 1 -phosphate, 0.004 m adeno- 
sine triphosphate (tipped in from the side arm after equilibration), and a 
dialyzed extract equivalent to 80 mg. of an acetone powder of rabbit muscle 
( 21 ), in a total volume of 2.5 cc. The gas phase in the Warburg manom- 
eters was 5 per cent COj-95 per cent Nj, and the temperature was 37°. 
The iodoacetate prevented liberation of acid by further reaction of the 
fructose- 1 , 6 -diphosphate formed. Glucose-l-phosphate was used as the 
substrate instead of fructose- 6 -phosphate because of its availability. 
During the preliminary incubation before the adenosine triphosphate was 
tipped in and during the subsequent experimental period, the glucose- 
l-phosphate was converted to glucose- 6 -phosphate and the latter substance 
rearranged to fructose- 6 -phosphate by the enzymes phosphoglucomutase 
and phosphohexoisomerase, which were present in the acetone powder 

Table VII 

Effect of Quinine on Phosphoglucomutase 
The samples contained 0.04 veronal buffer at pH 7.4, 0.OOS m MgSOi, 0.5 per cent 
reduced glutathione, 0,0065 m potassium glucose-l-phosphate, enzyme solution 
containing 12.5 y of protein, and the concentrations of quinine indicated below, in a 
I total volume of 1.0 co. Incubated for 5 minutes at 30°. 


Quinine concentration 

Decrease in glucose-l-phospliate P 

Inhibition 

u 

y Pcf cc. 

per cent 

0 

127 


0.0005 

108 

15 

0.001 

109 

14 

0.002 

73 

42 


extract. Since the phosphate groups of fructose- 6 -phosphate and fructose- 
1 , 6 -diphosphate are less easily hydrolyzable than the pyrophosphate groups 
of adenosine diphosphate and triphosphate, the reaction can be followed 
approximately by measuring the decrease in pyrophosphate (phosphate 
liberated by hydrolysis with 1 n H 2 SO 4 for 10 minutes at 100° (13)). Ex- 
periments in which organic phosphate fractions tvere followed showed 
that acid production was accompanied by a decrease in pyrophosphate 
groups. Control manometric experiments demonstrated that no acid was 
formed from adenosine triphosphate in the absence of glucose-l-phosphate, 
from glucose-l-phosphate in the absence of adenosine triphosphate, or 
from fructose- 1 , 6 -diphosphate. The rate of reaction in the complete 
system was about 160 microliters of CO 2 in 30 minutes. ^ _ _ 

Quinine in concentrations from 0.0005 to 0.002 m caused no inhibition 
of the phosphorylation of fructose- 6 -phosphate. 

Aldolase— The enzyme aldolase catalyzes the splitting of fructose-l,b- 
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diphosphate to 3-phosphoglyceraldehj'de and dihydroxyacetone phos- 
phate. This enzjTOe was purified according to Herbert et al. (10) through 
the stage of heat coagulation, and the reaction was studied in a test system 
similar to the one described by these authors. Since the reaction reaches 
an equilibrium unless the products are removed, cyanide was added to 
bind the triose phosphate. Samples contained 0.05 m borate buffer at 
pH 7.3, 0.1 M HCN at pH 7.3, 0.012 m fructose-1 ,6-diphosphate, and 0.3 cc. 
of enzyme solutipn, in a total volume of 4.0 cc. These samples were 
incubated at 37°. Since the phosphate groups of both molecules of triose 
phosphate are hydrolyzed by treatment with 1 N NaOH for 20 minutes 
at room temperature while those of fructose-1, 6-diphosphate are not 

Table VIII 

Effect of Quinine and Aiabrtne on S-Phosphoglyceraldehyde Dehydrogenase from Rabbit 

Muscle 

The samples contained 0.03 nr NaHCOj, 0.005 m NajHAsOi, 0.03 u NaF, 0.02 ii 
sodium pyruvate, 0.00037 it diphosphopyridine nucleotide, 0.005 ii fructose-1, 6- 
diphosphate (tipped in from the side arm after equilibration), aldolase preparation 
containing 1 mg. of protein, lactic dehydrogenase preparation containing 4 mg. of 
protein, dialyzed extract equivalent to 5 mg. of acetone powder of rabbit muscle 
extract (21), and the concentrations of quinine and atabrine indicated below, in a 
total volume of 2.5 cc. Warburg manometers; gas phase, 5 per cent COs-95 per cent 
Ni; temperature 30°. 


CoDcentration o! inhibitor 

Activity of dehydrogenase 

Quinine 

Atabrine 

ii 

miirolUers COa Per 5 fntn. 

mUroliters COi per 5 min. 

0 

10.9 

13.7 

0.0001 

10.7 

13.1 

0.0003 

9.9 

12.8 

0.001 

10.0 

12.6 

0.002 

10.4 

12.0 


affected, the reaction was followed by determining' the increase in alkali- 
labile phosphate (22). In 6 minutes about 220 y of alkali-labile P per cc. 
Were formed. 

Quinine in concentrations from 0.0005 to 0.002 m catised no significant 
inhibition of the enzyme aldolase. 

S-Phosphoglyceraldehyde Dehydrogenase — ^The effect of quinine and ata- 
brine on the enzyme 3-phosphoglyceraldehyde dehydrogenase from rabbit 
muscle was investigated by means of the test system involving Reaction 1, 
which was used to study the actmty of the same enzjme in parasite 
Extracts. As in the latter case neither quinine nor atabrine caused a 
significant inhibition of 3-phosphoglyceraldehyde deh3'drogenase. The 
results of two experiments are given in Table \TII. 
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Lactic Dehydrogenase — ^The action of quinine and atabrine'on the enzyme 
lactic dehydrogenase obtained from beef heart was studied with the aid 
of the colorimetric technique of Haas (12), as described in Paper II (1). 
The enzyme was purified by the method of Straub (11) through the stage 
of the second ammonium sulfate precipitation. In the test system the 
.enzyme showed no activity in the absence of lactate or diphosphopyridine 
nucleotide. 

Lactic dehydrogenase from beef heart was strongly inhibited by atabrine 
but was not significantly affected by quinine. The experimental data 
are given in Table IX. The results are similar to those obtained with lactic 
dehydrogenase from parasite extracts. 

\ Table IX 

Effect of Quinine and Atabrine on Lactic Dehydrogenase from Beef Heart 
The samples contained 0.03 m phosphate buffer at pH 7.2, 54 7 of sodium dichloro- 
phenol indophenol, 0.1 m lithium dMactate, 0.00003 m diphosphopyridine nucleotide, 
lactic dehydrogenase preparation containing 1.1 mg. of protein, and the concentra- 
tions of quinine and atabrine indicated below, in a total volume of 5.0 cc.; tempera- 
ture 25®. The rate of reaction was measured as the increase in percentage transmis- 
sion (AG) per unit time, read in an Evelyn photoelectric colorimeter with Filter 620. 
Control samples showed a value for A(? of 16.0 in 4 minutes. 


CoQceotratioo o( inhibitor 

Per cent inhibition by 

Quinine 

Atabrine 


2 

9 


0 

16 

0.001 

6 

41 


Rearrangement of S-Phosphoglycerate to Phosphopyruvate — ^The first steps 
in the breakdown of 3-phosphoglycerate in muscle extracts are rearrange- 
ment to 2-phosphoglycerate and dehydration of the latter substance to 
phosphopyruvate (23,24) (Equations). The conversion of 3 -phosphoglyc- 

COO- COO- coo- 

CHOH CHOPO," COPOi" + H:0 ® 

I I II 

CHjOPO- CHiOH CHs 

erate to phosphopyruvate can be followed by determining the increase 
in phosphopyruvate phosphate, which is released on oxidation of the p os 
phopyruvate by hypoiodite (23). The reaction mixture used in ^u 

this process contained 0.05 m veronal buffer at pH 8.2, 0.005 MMgSO^, • 

M 3-phosphoglycerate, and dialyzed extract equivalent to 4 or mg. 
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acetone powdeV of rabbit muscle (21), in a total volume of 1.0 cc. The 
samples were incubated for 10 minutes at 37°. Control samples formed 
about 125 y of phosphopyruvate P per cc. 

Quinme in concentrations from 0.0002 to 0.002 m did not inhibit the 
conversion of 3-phosphoglj’ceratc to phosphopj'ruvate. 

Phosphate Transfer from Phosphopyruvate to Adenosine Diphosphate — 
PhosphopjTUvate is broken do^\'n during glycolysis by transfer of its 
phosphate group to adenjdic acid or adenosine diphosphate, to form pyru- 
vate and adenosine triphosphate (25, 26) (Equation 4). This reaction 
must be studied in the absence of the enzjme adenosinetriphosphatase, 

Phosphopyruvate -p adenosine diphosphate + H:0 — > (4) 

pyruvate -f adenosine triphosphate + OH” 

which would hj'drolj’ze the adenosine triphosphate formed. 3-Phos- 
phoglycerate must also be absent; otherwise the adenosine triphosphate 
would break down by transfer of its phosphate to 3-phosphoglycerate to 
form 1,3-diphosphogly ceric acid, which spontaneously decomposes to 
3-phosphoglycerate and inorganic phosphate (27). An acetone powder of 
an aqueous rabbit muscle extract (21) was used as the soirrce of the enzyme 
in studying the transfer of phosphate from phosphopyruvate to adenosine 
diphosphate; such a powder does not contain an active adenosinetriphos- 
phatase. Fluoride was added to prevent the formation of 3-phosphoglyc- 
erate from the phosphopyruvate (23, 28). Samples contained 0.025 m 
veronal buffer at pH 8.2, 0.005 m MgS 04 , 0.06 m KCl (29), 0.01 m NaF, 
0.005 M phosphopyruvate, 0.0045 M adenosine diphosphate, and dialyzed 
extract equivalent to 10 mg. of acetone powder, in a total volume of 1.0 cc. 
In 10 minutes at 37° about 100 y of phosphopyruvate P per cc. were trans- 
ferred. 

Quinine in concentrations from 0.0005 to 0.002 m caused no inhibition 
of this phosphate transfer. 

Phosphate Transfer from 3-Phosphoglyceratc to Creatine — ^Muscle extract 

Adenosine triphosphate -h creatine (5) 

adenosine diphosphate -t- phosphocreatine -f- 

catalyzes the transfer of phosphate from adenosine triphosphate to creatine 
(26) (Equation 5). The effect of quinine on the over-all process of phos- 
phate transfer from 3-phosphoglycerate to creatine (the sum of Equations 
3 to 5) was investigated. The reaction mixture consisted of 0.025 m 
veronal buffer at pH 8.7, 0.005 m MgSO<, 0.06 m KCl, 0.03 m creatine, 
0.00035 M adenosine triphosphate, 0.016 m 3 -phosphoglycerate, and dialyzed 
extract equivalent to 5 mg. of acetone powder of rabbit muscle extract (21), 
hi a total volume of 1.0 cc. The samples were incubated for 15 minutes at 

• The reaction was followed by determining the increase in phosphocrea- 
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tine phosphate by the calcium precipitation method of Fiske' and Subbarow 
(30). Balance experiments showed that the increase in phosphocreatine and 
inorganic phosphate accounted for 94 per cent of the 3-phosphoglycerate 
phosphate which disappeared, the rest being completely accounted for in 
phosphopjTTivate and adenosine triphosphate. During the experimental 
period 240 y of phosphocreatine P and 40 y of inorganic P per cc. of reaction 
mixture were formed. 

Quinine in concentrations from 0.0005 to 0.002 M caused no inhibition 
of the transfer of phosphate from 3-phosphoglycerate to creatine. 

DISCUSSION 

Silverman et al. (2) have found that the aerobic and anaerobic glycolysis 
of chicken erj’throcytes parasitized with Plasmodium gallinaceum is in- 
hibited about 35 per cent by 0.001 m quinine; i.e., by concentrations of 
the drug equal to those used in the studies reported in this paper. It 
would appear from our data that the effects described by Silverman et al. 
are in part due to the action of the drugs on the hexokinase and lactic de- 
hydrogenase of the parasite, since these enzymes catalyze essential steps 
in the glycolytic process. The inhibition by quinine of the over-all process 
of lactic acid formation from glycogen by rabbit muscle enzymes is due 
to the effect of quinine on the enzjme phosphorylase. Likewise, the 
inhibition of the fermentation of glucose by intact yeast cells observed 
by Enders and Wieninger (31) may be ascribed to the inhibition of yeast 
hexokinase by the antimalarial. 

In connection with the latter enz 3 mie it should be pointed out that the 
hexokinase from parasitized red blood cells appears to be less sensitive to 
quinine than does the hexokinase of yeast and normal chicken erythrocj'tes, 
although the effect of atabrine on the enzymes from the three different 
sources is the same. We have not, as yet, any explanation for this differ- 
ence in behavior. The other glycolytic enz 3 Tnes from yeast and muscle 
show the same sensitivity to quinine and atabrine as the correspondmg 
enzjmes of the malaria parasites. 

It should be emphasized that the concentrations of antimalarials needed 
to produce the effects described in this paper are considerably greater than 
those encountered in the blood and tissue fluids of animals being treate 
unth the drugs. In recent studies on the in vitro distribution of qui^e 
between parasitized chicken erythrocytes and a suspending 
carried out by Dr. Joseph Ceithaml in this laboratorj',^ ithasbeen foundt a 
the ratio of intracellular to extracellular ‘quinine concentrations is no 
greater than 50, even under circumstances which greatly favor the acc^u 
lation of quinine in the red blood cells. The concentration of qumme 

* Ceithaml, J. J., and Evans, E. A., Jr., unpublished work. 
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obsen'ed in the red cells of chickens receiving therapeutic doses of the drug is 
about 10“' M (32) . Therefore, unless there occurs a localization of the drugs 
inside the parasite cell, capable of producing high concentrations of the 
antimalarials in the immediate vicinity of the sensitive enzymes, it seems 
unlikely that inhibition of the glycolytic mechanism of the parasite is 
primarily involved in the therapeutic action of the drugs. 

At present it seems more likely that quinine and atabrine inhibit oxidative 
processes in the metabolism of the malaria parasite, particularly those 
concerned with the oxidation of lactic and pyruvic acids. The oxygen 
consumption of the parasite utilizing glucose is inhibited by quinine in 
concentrations as low as 10"' m (3). With these concentrations there occurs 
an accumulation of lactic acid, although the rate of glucose utilization is 
not affected (2). Therefore, it would appear that the effect of the drug is 
to mhibit the oxidative removal of lactic acid rather than its formation by 
the process of glycolysis. 


SUMMARY 

The effects of quinine and atabrine on some of the glycolytic enzymes 
of the malaria parasite (Plasmodium gallinaceum), yeast, and mammalian 
muscle were studied. 

Atabrine inhibited the hexokinase activity and the enzyme lactic dehy- 
drogenase in parasite preparations. Quinine was less effective in both 
cases. The enzyme 3-phosphoglyceraldehyde dehydrogenase was not 
affected by either drug. 

Both quinine and atabrine inhibited yeast hexokinase. 

Quinine inhibited the enzymes phosphorylase and phosphoglucomutase 
from rabbit muscle. Lactic dehydrogenase from beef heart was strongly 
inhibited by atabrine but only slightly affected by quinine. The other 
glycolytic enzymes from rabbit muscle which were studied were not affected 
by quinine. 

The possible significance of these effects in the action of antimalarial 
drugs is discussed. 
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AN EVALUATION OF MICROMETHODS FOR PHOSPHOLIPID 
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(From the Department of Biochemistry and Pharmacology, School of Medicine and 
Dentistry, The University of Rochester, Rochester, New York) 
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A number of anal 3 '’tical methods for phospholipid are in routine use by 
various workers in the field of lipid chemistry. Only limited data are 
available to show the extent of agreement or disagreement among the 
several methods, or to point out the most reliable means of comparing 
data obtained by one method with phospholipid values obtained by an 
entirely different analytical procedure. Some of the difficulties or ffis- 
crepancies encountered in comparing data from two laboratories using 
even slightly different phospholipid determinations have been pointed out 
by Bloor (4) and Ellis and hlaynard (5). 

During the course of an investigation of the lipids of the deyelopmg 
pig fetus, data were collected on the phospholipid content of the tissues as 
measured by the three principal methods in common use, each being fo- 
cused on either a different part of the phospholipid molecule, viz. the phra- 
phorus and the fatty acids, or on the intact lipid. A comparison of the 
analytical results by the several methods is reported in the present paper. 


EXPEBIMENTAL 

Extracts — Lipid extracts were prepared by exhaustively extracting the 
ground fetal tissue mth hot alcohol-ether (3:1). The combined^^trac 
were concentrated under a vacuum at 50° to a small volume. The ^n 
centrate was then exhaustively extracted with redistilled petroleum et er. 
Suitable aliquots of the clear petroleum ether solution were taken or t e 
various analyses. v r 

I/ipid Phosphorus — An aliquot containing 2 to 4 mg. of pMsp o ipi 
was evaporated to dryness, then digested ivith 3 ml. of 10 N Hs * an 
several drops of phosphorus-free 30 per cent hydrogen peroxide (superoxal) 
until water-clear. Excess peroxide was removed by adding m ^o 
water and boiling down to the appearance of dense white fumes. e 
liquid was transferred to a 50 ml. volumetric flask, wth 20 m . o wa r, 
and an additional 3 ml. of 10 n H.SO 4 were added.' The phosphorus was 


* Present address. School of Nutrition, Cornell University, 

^ This solution thus contained 6 ml. of 10 N acid as against m - m e 
taining the phosphorus standard. Insufficient acid, such as roni oss o ' , ’ 

gave erroneously low P values. A slight excess of acid, such as . 

assured, merely slowed the rate of color development. Loss o > 
digestion need not be avoided in this modification. 
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then determined by the colorimetric procedure of Kuttner and Lichten- 
stein (7), 20 to 30 minutes being allowed for full color development prior 
to reading. In the conversion factor, phospholipid = lipid phosphorus 
X_ 24,0, an “average phospholipid” of molecular weight 744 (f.c., an 
equimolecular mixture of oleopalmityl lecithin and cephalin) is assumed. 

Phospholipid Fatty Acids — ^The acetone-insoluble lipids were prepared 
by the technique described bj' Bloor (4)." The phospholipid fatty acids 
were then prepared and assayed by the oxidative method of Bloor (2). 
The oxidation factor of 3.60 was used to calculate fatty acids. Conver- 
sion to phospholipid was based on numerous obsen'ations that approxi- 
mately 63 per cent of the weight of the phospholipid is recoverable as 
fatty acid, which confirms the findings of Bloor (3), Sinclair (8), Bierich 
and Lang (I), Haven (6), and others, who report recovering less than two- 
thirds of the weight of the phospholipid as fatty acid. 

Phospholipid — ^The phospholipid determination of Bloor (4)- was used 
on aliquots of the petroleum ether solution of lipids. The oxidation 
factor of 3.0 was used. 

Experimental Data — ^The data obtained m’th three different methods for 
determining phospholipid on thirty-four samples of the tissue lipids of the 
■"fetal pig are summarized in Table I. 

niscussiON 

Considerably better agreement among replicate analyses was obtained 
from lipid phosphorus determinations than from either of the two oxida- 
tive methods for phospholipid. Thus, the standard error averaged less 
than ±0.8 per cent (the range was 0.0 to 2.0 per cent) of the mean value 
for the phosphorus method, whereas the standard error averaged ±2.1 
per cent of the mean of the phospholipid oxidation values and ±2,2 per 
cent of the fatty acid oxidation values, ranging from 0.3 to 6.3 per cent 
in the former and from 0.9 to 4.9 for the latter procedure. 

A-side from the reduced scattering of replicate anatyses in the phos- 
phorus method, there was little choice for one method over another. The 
average of the thirty-four mean values for phospholipid based on the phos- 
phorus was 593 mg. per 100 gm. of tissue; the average of the means was 
594 for both of the oxidative procedures. This is additional confirmation 
of the validity of the conversion factors used for the several methods. 
The data indicate that for the lipids of animal tissues phospholipid values 
obtained by the method of Bloor (4) will be comparable to values^ calcu- 
lated from the phosphorus content when an average molecular weight o 

’ The petroleum ether solution was concentrated to a smaller vol(Me than that 
used by Bloor prior to the addition of acetone, and the precipitated lipid was twice 
washed with acetone. 
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Table I 

Mean yMnes for Phospholipid As Determined hy Oxidation oj Intact Molecule, 
Oxidation of Fatty Acids, and Determination of Lipid Phosphorus 

fralhthsaT '"S- per 100 gm. of 

e figures in parentheses arc the number of replicate determinations. 

Sample No. j Lipid phosphorus X :i.O j Oridilion of phospholipid | Phospl-oOpid^fatty acids 




248 ± O.G (3) 
371 ± 2.0 (3) 
■JI3 (2) 

402 db 9.1 (3) 
540 ± 1.7 (3) 
5-IS (2) 

550 (2) 

552 ± 1.0 (3) 

553 ± S-.3 (3) 

502 ± 11.4 (3) 
504 ± 9.9 (3) 
575 ± 8.G (3) 
502 (2) 

601 ± 10.2 (3) 

610 ± I.O (3) 

611 ± 0.0 (3) 
612 ± 2.0 (3) 
614 ± 0.0 (3) 
616 ± 0.0 (3) 
617 ± 6.3 (3) 
627 ± 1.0 (3) 


641 ± 0.0 (3) 

643 ± 10.9 (3) 

644 (2) 

646 ± 10.3 (3) 
649 ± 0.0 (3) 
658 (2) 

662 ± 5.8 (3) 
681 ± 4.0 (3) 
690 ± 0.0 (3) 
714 ±14.0 (3) 
719 ± 2.0 (3) 
726 ± 3.9 (3) 


205 ± 2.6 (3) 
350 ± 4.5 (3) 
421 ± 10.5 (4) 
495 ± 10.5 (4) 
553 ± 11.9 (4) 
544 ± 4.0 (4) 
553 ± 11.7 (3) 
555 ± 4.4 (4) 
619 ± 6.6 (4) 
60S± 1.7 (4) 
586 ±7.7 ( 4 ) 
658 ± 17.4 (3) 
533 ± 9.2 (4) 
583 ± 4.2 (3) 
611 ± 9.2 (4) 

656 ± 11.9 (4) 

671 ± 8.5 (4) 
617 ±5.7 (4) 
593 ± 5.0 (3) 
621 ±14.5 (4) 

672 ±7,6 (4) 
689 ±43.1 (3) 
593 ± 5.6 (4) 
667 ± 25.7 (4) 
630 ± 7.4 (4) 

657 ± 7.5 (4) 
554 ± 16.7 (3) 
630 ± 16.3 (4) 
617 ±13.9 (4) 
696 ± 9.1 (4) 
686 ± 24.4 (4) 

673 ±14.5 (4) 
751 ±16.3 (4) 
664 ±50.8 (6) 


265 ± 10.7 (3) 
424 ± 16.0 (3) 
387 (2) 

480 ± 10.1 (3) 
534 ± 8.0 (3) 
550 ± 5.0 (3) 
614 ± 10.3 (3) 
626 ± 11.5 (3) 
619 ± 6.1 (3) 

632 ±7.5 (3) 
558 ± 22.5 (3) 
610 ± 13.8 (3) 
505 ±8.2 (4) 
635 ±16.0 (3) 

633 ± 6.0 (3) 
616 ±17.8 (3) 
517 ± 13.9 (3) 
581 ±7.8 (3) 
616 ± 12.0 (3) 
622 (2) 

‘ 754 ± 17.0 (3) 
627 ±15.7 (3) 
646 ± 10.4 (4) 
675 ± 11.9 (3) 
598 ± 20.8 (3) 
700 (2) 

585 ±12.4 (3) 
700 ± 12.5 (3) 
533 (2) 

629 ±24.9 (3) 
692 ± 6.0 (4) 
674 ±5.6 (3) 
687 ±34.0 (3) 
661 ±21.2 (3) 


7/t d * 

the mi.xed phospholipids, and to values calculated from 

P uspholipid fatty acids when an average recovery of 63 per cent of 
phospholipid is assumed. 

should be emphasized that any conversion factor is subject to error 
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when a mixture of lecithin, cephalin, and sphingomyelin is to be analyzed, 
since the relative distribution of the three fractions as well as the molecular 
weights of the fatty acids present affect the conversion factor. Close 
agreement among the three phospholipid methods will not be found when 
the composition of the sample varies significantly from the conditions 
assumed in making the calculations. Thus, it was not surprising to note 
that, although there was generally satisfactoiy agreement among the sev- 
eral methods, in certain instances one procedure gave results quite dif- 
ferent from the other two. For example, there was excellent agreement 
between the two oxidation methods in the case of Samples 200 and 21, 
but the phospholipid content as determined from the phosphorus analysis 
was much lower in the former, and in the latter sample was considerably 
higher than the content as determined oxidatively. Similarly, in Samples 
28 and 72 the lipid phosphorus values agreed closely with those obtained 
from oxidation of the intact phospholipid, while the contents indicated by 
the fatty acid determination differed significantly, in one case being higher 
and in the other, lower. 

The data confirm the findings of others that although a convereion factor 
may prove fairly reliable in the “average” lipid sample, it may lead to 
erroneously low or high values for phospholipid in some instances. The 
unpredictability of these cases in which the factor is incorrect is the un- 
avoidable, inherent fault of any micromethod for phospholipid. The lipid 
phosphorus analysis, however, will give a fairly true picture of the motor 
concentration if not of the weight of the phospholipid sample. 

SUMMARY 

Thirty-four lipid extracts of animal tissue have been analyzed for phos- 
pholipid by lipid phosphorus deteimination, by oxidation of the fatty 
acids from the acetone-insoluble lipids, and by direct oxidation of the in- 
tact phospholipid. When a phospholipid to phosphorus ratio of 24 
was used, and when a fatty acid recovery of 63 per cent of the weight of 
the saponified phospholipid was assumed, the three methods gave com- 
parable results. Considerably better agreement among replicate samples 
was obtained by phosphorus analyses than by either of the two oxidative 
procedures studied. 
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TRYPTOPHANE METABOLISM 

CONTENT OF THYPTOPHANE, UREA, AND NON 
PROTEIN NITROGEN IN THE BLOOD AND OF TRYPTOPHANE 
IN THE TISSUES AFTER THE ORAL ADMINISTRATION OF 
tryptophane or TRYPTOPHANE DERIVATIVES* 
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(Received for publieation, February 26, 1945) 

^lost of the information available on tryptophane metabolism is con- 
cerned Mth growth or the excretion of metabolites. It seemed to us that 
an examination of the blood at intervals after the administration of trypto- 
p ane might afford further evidence particularly as to rate and course of 
metabolism in animals knomi to excrete kynurenic acid. Accordingly 
the blood of rabbits fed trj'ptophane was assayed at intervals for trypto- 
phane, urea, and non-protein nitrogen. Ultimately similar tests were 
^^ter feeding derivatives of tri^ptophane knonm to be unavail- 
able for growth in the rat. The distribution of tryptophane in the tissues 
tryptophane was also investigated. 

the studies are similar to those on other amino acids recorded some 
years ago by Luck (1), Johnston and Leiids (2), and Shambaugh, Lewis, 
and Tourtellotte (3). They differ chiefly in the use of a relatively specific 
tet for the amino acid fed instead of a test for amino nitrogen, and in the 
administration of the tryptophane and tryptophane derivatives as sus- 
pensions, 4vithout neutralization or conversion to the sodium salt. The 
ata show differences which seem to be significant and probably associable 
ivith known peculiarities in the metabolism of tryptophane. 


EXPERIMENTAL 


Comparisons of several methods for determining the relatively small 
concentrations of tryptophane in the blood after feeding tryptophane led 
0 the adoption of the Shaw and McFarlane procedure (4) with minor 
modification; this is essentially a quantitative adaptation of the Hopkins- 
ole glyoxylic acid test. The extinction coefficient of the colored solution 
was measured in a Zeiss Pulfrich photometer; Filter S-53 (530 m/i) was 
'ised and the test solution balanced against a blank prepared in the same 


th experimental data in this paper are from a dissertation submitted by Doro- 
■ Buck in partial fulfilment of the requirements for the degree of Doctor of 
lowa^"^^^ in Biochemistry in the Graduate College of the State University of 
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■way, but without the glyoxylic acid. The tryptophane content was 
established with the aid of a calibration curve plotted from readings made 
on aqueous solutions of known concentration. With 0.02 mg. or more of 
tryptophane the error of analysis did not exceed 1 per cent; for smaller 
amounts the estimation -was less accurate. 

Spectral transmittance curves plotted from measurements in the Cole- 
man* spectrophotometer showed maidmmn absorption Bt 55D mp. liy- 
nurenine, kynurenic acid, and indolepyruvic acid, all metabolites of trypto- 
phane, developed no color, but indole, skatole, and indolepropionic acid, 
which may be produced by bacterial action in the intestine, did. In the 
region of maximum absorption the colors vdth skatole and indolepropionic 
acid were qualitatively similar to the color formed with trsqitophane; the 
color -with indole was quite different. Colors produced by acetyl-Z- 
tryptophane, acetyl-dZ-tryptophane, phenacetyltryptophane, and methyl- 
enetryptophane also showed maximum absorption at about the same 
wave-length as tryptophane, as had already been observed for acetyltrypto- 
phane by Shaw and h'Ich'arlane (4). Although these derivatives are not 
normally found in the body, they resemble peptides closely enough to 
warrant the assumption that peptides produced metabolically from tryp- 
tophane cannot be distinguished from the free amino acid by this method. 

No satisfactory procedure was found for estimating indolepyru'vio 
acid in small concentrations, such as might appear transiently in blood 
and tissues as the result of oxidative deamination of the trsqitophane fed. 
Ob'viously the urea and non-protein nitrogen analyses conducted instead 
cannot serve specifically as an index of oxidative a-deamination; ammonia 
is produced also when kynurenic acid is formed and its production from 
tryptophane by non-oxidative deamination, e.g. hydrolytic, cannot be 
precluded. 

In the tests on blood, the use of potassium oxalate as an anticoagulant 
and of tungstic acid as a deproteinizing agent did not interfere 'with the 
quantitative estimation of tryptophane added before the deproteinization. 
Blood urea was determined by the method of Koch (6), non-protein nitro- 
gen by a minor modification of the procedure of Keys (6). 

Small oral doses of tryptophane in the rabbit and the rat (0.35 gm. per 
kilo) produced concentrations in the blood which rose to a maximum 
abruptly and declined to zero again in 6 hours. Unlike the inconsistent 
and erratic changes after subcutaneous injection, the general trend fol- 
lowing oral administration was reproducible. Therefore, in the studies 
invol'ving the simultaneous estimation of tryptophane, urea, and non- 
protein nitrogen, male rabbits which had been fasted for 18 hours were 
given relatively large doses of tryptophane (1 gm. per kilo, suspended in 

J The double monochromator model was used. 
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water) by stomach tube. With one exception the dosage caused no ill 
effects, but larger amounts of trj'ptophane were sometimes toxic. All 
blood samples were drawm from the marginal ear vein. The analyses 


Table I 

Changes in Concentration of Tryptophane, Urea, and Non-Protein Nitrogen in Blood 
0 / Rahbit after Administration of Tryptophane' by Stomach Tube 


Rabbit 

No. 

Weight 

Time after 
feeding 

Tryptophane! 

UrcaN 

Non-protein 

nitrogen 

Undeter- 
mined N 


*r. 


rif . pn 100 cc. 

mg. per 
100 cc. 

mg. per 
100 cc. 

mg. per 
m cc. 

7 

2.1 


0 

12.9 

40.5 

27.6 




24.4 (3.3) 

14.6 

49.2 

31.3 




12.8 (1.7) 

22.6 

49.2 

24.9 




2.0 (0.3) 

18.1 

43.4 

25.0 

9 


12 

1.6 (0.2) 

24.1 

48.0 

23.7 

2.6 

0 

0 

15.5 

37.4 

21.9 



2 

19.7 (2.8) 

18.6 

46.2 

24.8 



4 

8.4 (1.2) 

22.1 

46.2 

22.9 



6 

0 

13.6 

43.6 

30.0 

9 


12 

0 

25.2 

40.0 

14.8 

2.6 

0 

0 

14.2 

41.0 

26.8 



2 

20.9 (2.9) 

17.2 

48.8 

28.7 



4 

17.4 (2.4) 

15.5 

49.0 

31.1 



6 

0 

14.8 

50.0 

35.6 



8 

0 

13.1 

47.2 

34.1 



10 

0 

17.6 

51.6 

34.0 

11 


12 

0 

17.6 



2.5 

0 

0 

14.5 

39.8 

25.3 



2 

18.4 (2.6) 

19.5 

48.0 

25.9 



4 

3.2 (0.4) 

19.8 

48.0 

27.8 



6 

0 

17.1 

42.8 

25.7 



8 

0 

19.4 

43.6 

24.2 



10 

0 

19.8 

43.8 

24.0 

13 


12 

0 

21.5 

43.6 

22.1 

2.5 

0 

2.8 (0.4) 

22.6 

47.6 

24.6 



2 

15.7 (2.2) 

25.1 

52.4 

35.1 



4 

8.0 (1.0) 


51.4 

29.8 



6 

0 


49.8 

29.5 



8 

0 


49.9 

29.5 



10 

0 


53.0 

31.0 



12 

0 

23.8 1 

49.8 

26.0 

♦ . . 


The dosage was 1 gm. per kilo of body weight. 

T Tryptophane nitrogen is indicated in the parentheses. 


(Table I) showed a maximum concentration of tr 3 T)tophane in 2 hours, 
ess in 4 hours, and little or none in 6; a primary rise in urea to a maximum 
m the 2 or 4 hour sample, a decline to a minimum in the 6 or 8 hour speci- 
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men, then a secondary rise; and a concentration of non-protein nitrogen 
which in most instances reflected the changes in urea and tryptophane. 

The depression of urea which accompanied or soon followed the disap- 
pearance of tryptophane, to be succeeded later by a secondary rise, made 
it desirable to determine whether tryptophane is readily ivithdraivn for a 
time into the tissues. Rats, which had been fasted for 18 hours, then fed 
0.35 to 1.3 gm. of tryptophane per kilo of body weight, were killed ivith 
ether, usually 1 to 3 hours later. The gastrointestinal tract was dissected 
out and washed thoroughly with boiling water to recover the unabsorbed 
tryptophane. The gastrocnemius muscles, liver, and kidneys were re- 
moved and ground separately with sand. The skin was peeled off, to- 
gether ivith the fatty layer and the tail, and rinsed free of adhering blood. 
The rinsings were combined with the blood for analysis ivith the remainder 
of the "carcass.” The "skin” and "carcass” fractions were ground sepa- 
rately in a meat chopper. Each of the several fractions was extracted 
eight times ivith a total of approximately 10 times its weight of boiling 
water acidified ivith 1 gm. of trichloroacetic acid per liter to facilitate 
coagulation. Complete precipitation of protein at this stage required 
concentrations of trichloroacetic acid high enough to interfere with the 
tryptophane determination. The small amount of residual protein was 
therefore removed in a subsequent step, by transferring the extract to a 
200 cc. volumetric flask and adding 20 cc. of 25 per cent cupric sulfate 
and enough 10 per cent calcium hydroxide suspension (usually about 20 
cc.) to make the mixture alkaline to litmus. When the volume of the 
extract was too large, it was first concentrated in vacuo to about 100 cc. 
Several other methods of removing proteins proved to be less satisfactory 
than this combination. 

Large amounts of fatty substances in the skin extracts made precipita- 
tion and filtration difficult. Calcium sulfate, which sometimes separated 
during the assay of the filtrates for tryptophane, was removed by centrifu- 
gation just before measuring the color in the photometer. Some of the 
carcass and skin blanks showed noticeable coloration. 

As outlined, analysis accounted fairly completely, but variably, for 
tryptophane which had been added to carcass tissue (85 to 100 per cent) 
and to liver (93 to 100 per cent). Recoveries ivere rather poor from kid- 
ney tissue (43 to 54 per cent) and from the skin (44 per cent), and interme- 
diate from leg muscle (52 to 80 per cent). Freezing the tissue afforded no 
advantage and seemed even to interfere ivith tryptophane recovery. 

Table II shows that in rats fed tryptophane less than a third of the 
amount absorbed could be detected in the body, even in the 
after the feeding. That none was found in the muscle may be ascribed m 
part, but not entirely, to the small sample analyzed; this observation 
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agrees mth tliat of Luck (1) tlmt feeding amino acids induced no signifi- 
cant change in the amino nitrogen eontent of muscle tissue. Except in a 
single instance no tryptophane could be found in the kidney. Its concen- 
tration in the liver varied widely, being reasonably consistent only in the 
3 hour tests, in which it accounted for about a fifth of the total tr3T5to- 
phane found in the body. Either of the two processes ascribed to the liver, 
deamination to indolepyruvdc acid and conversion to kynurenine and 
k}murenic acid, produces metabolites unresponsive to the tryptophane 


Table II 

Absorplion and Distribution of Tryptophane in Rats Fed Tryptophane after 

18 Hour Fast 


Rit No. 

Rat 

weight 

Trypto- 
phane fed 

Time for 
absorption 

TrjTito- 

phatve 

absorbed 

Stin 



mg. 

hrj. 

mg. 

mg. 

1 

275 

0 

0 

0 

0 

2 

300 

0 

0 

0 

0 

n 

270 

0 

0 

0 

0 

14 

190 

65 

1 

44.2 

1.7 

15 

190 

05 

2 

60.5 

2.1 

13 

230 

80 

1 

57.4 

0.2 

5 

260 

91 

2 

82.2 

4.6 

4 

333 

91 

3 

80.4 

1.0 

3 

290 

91 

10 

91 

0 

' 0 

290 

135 

2 

129.3 

2.7 

8 

240 

135 

3 

128.8 

0.2 

10 

260 

270 

3 

247,8 

2.0 

9 

209 

270 

0 

270 

3.3 


Tryptophane found* 


Liver 


mi- 

0 

0 

0 

0.4 

0.3 

0.9 

0.4 

2.7 

0 

0.4 

2.1 

5.0 

0 


Carcasst 


mff. 

0.8 

0.3 

0.6 

n.2 

9.0 

4.8 
10.0 
12. 1 

0.3 

22.5 

8.9 
16.8 
12.7 


Total 


m- 

0.8 

0.3 

0.6 

13.3 

11.4 

5.9 

15.0 

15.8 

0.3 

25.6 

11.2 

24 . 2t 

16.0 


Hence these analyses are 


* No tryptophane was found in any of the gastrocncmiu 
and, except in one test, none was found in the kidneys, 
not tabulated, . , 

t Includes blood and all of the body e.xcept the gastrointestinal tract an e P 
analyzed separately. 

t The kidneys of this animal contained 0.4 mg. 

test. Appreciable urinary excretion of kynurenic acid would likely stimu 
late the kidney to produce ammonia, possibly even from tryp op ane, 
this were readily available. . 

The skin retained tryptophane temporarily in amoun . 

13 to 37 per cent of the total in the 1st and 2nd hours, an o 
in the 3rd. Usually over half of the total tryptophane detected w^ 
“carcass” fraction, which included the blood. The capacity o 
tissues to destroy tryptophane is unknoivn. Retention o ryp o 
such by the tissues appears to be only temporary and o secon 
cance in lowering the tr 3 rptophane content of the bloo . 
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The introduction of certain substituents into the a-amino group pre- 
vents tryptophane from promoting gron-th in the rat or yielding kynurenic 
acid in the rabbit. Obviously, therefore, the substituent must either 
block metabolism entirelj’^ or alter its course profoundly. In the latter 
event, measurable differences in rate of metabolism could conceivably 
facilitate interpretation of the observations with tryptophane. With this 
in mind, methylenetrj^ptophane and phenacetyltryptophane were tested 
for their influence upon the urea and the non-protein nitrogen content of 
the blood, as tryptophane had been. Neither of these derivatives pro- 
motes growth (7, 8) ; hence neither would be expected to produce kynurenic 
acid (methylenetrj'ptophane is knornn not to do so (9), but phenacetyl- 
tryptophane has not been similarly tested). Both compounds are rela- 
tively insoluble in acid solution and consequently highly susceptible to 
precipitation with or adsorption on the tungstic acid precipitate. This 
probably explains why blood filtrates prepared after the feeding of these 
derivatives failed to produce a color in the test for tryptophane (Table 
III), except in the 2nd hour after phenacetyltryptophane administration, 
when a weak response was noted. Both compounds caused a rise in urea 
which was not followed by the fluctuations observed consistently in the 
tests with tryptophane. This seems to argue against failure to undergo 
absorption and catabolism, though partial excretion unchanged (9) and 
incomplete catabolism are probable. 

The rise in urea noted after feeding phenacetyltryptophane was par- 
ticularly striking. To determine whether phenylacetic acid could have 
been liberated and thus involved, phenylacetic acid was fed as the sodium 
salt. The blood urea did not increase steadily as after the ingestion of 
phenacetyltryptophane, but showed a rather long initial depression which 
probably reflected diversion of amino nitrogen for detoxication of the 
phenylacetic acid. Since the acid was fed as the salt, appreciable diver- 
sion for the sjmthesis of urinary ammonia would seem unlikely. The 
marked rise in blood urea which followed this depression may reflect read- 
justments incident to restoration of the normal metabolic state upon 
release of the stress of mobilizing amino nitrogen for the conjugation. 

DISCUSSION 

Analysis of the data in the light of previous observations seems to admit 
of the following interpretation pertaining to animals which excrete ky- 
nurenic acid. The early rise in urea and the rapid removal of tryptophane 
from the blood after tryptophane is fed indicate that the initial steps of its 
metabolism are begun promptly. This is substantiated in the rat y 
failure to account for more than a third of the tryptophane absorbed, even 
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Table III 


Changes in Concentration of Urea and Non-Protein Nitrogen in Blood of Rabbit Given 
Mcthylcnctryptophanc, Phcnacctyltnjptophanc, or Phcnylacctic Acid by 
Stomach Tube 


Rabbit 

Ko. 

Weight 

Substince fed 

Time after 
feeding 

UreaN 

Non- 

protein 

nitrogen 

Undeter- 
mined N 





mg. per 

mg. per 

mg. per 





100 cc. 

100 cc. 

100 cc. 

12 

2.2 

Mcthylcnetryptoplmnc 

0 

14.7 

44.8 

30.1 



(2.34 gm.) 

2 

15.3 

44.8 

29.5 




4 

1G.5 

47.0 

30.5 




6 

15.8 

51.6 

35.8 




8 

22.0 

50.8 

28.8 




10 

22.4 

53.4 

31.0 




12 

22.1 

49.4 

27.3 

14 

2.1 

Mothylcnctryptophanc 

0 

18.2 

44.0 

25.8 



(2.22 gm.) 

2 

16.3 

44.4 

28.1 




4 

18.0 

45.0 

27.0 



] 

6 

20.4 

47.2 

26.8 




8 

21.8 

45.8 

24.0 




10 

19.4 

51.6 

32.2 




12 

21.8 

53.4 

31.6 

15 

2.6 

Phenacotyltryptophanc 

0 

14.5 

46.0 

31.3* 



(2.4 gm.) 

2 

20.1 

53.2 

32.3* 




4 

24.5 

61.8 

37.3 




6 

31.4 

67.0 

35.6 




8 

35.3 

73.0 

37.7 




10 

45.5 

80.4 

34.9 




12 

53.1 

95.0 

41.9 

16 

3.1 

Phenacctyltryptophane 

0 

21.2 

46.4 

25.2 



(2.2 gm.) 

2 

23.0 

52.4 

29.lt 




4 

24.7 

50.8 

26.1 


1 


6 

33.0 

55.2 

22.2 




8 

32.2 

58.0 

25.8 




10 

36.8 

61.6 

24.8 




12 

34.1 

63.2 

29.1 

10 

2.7 

Phenylacetic acid (1.0 

0 

12.5 

42.8 

30.3 



gm. as Na salt) 

2 

11.5 

39.4 

27.9 



4 

8.6 

37.0 

28.4 




6 

8.2 

42.2 

34.0 




8 

10.0 

41.2 

31.2 




10 

18.7 

47.1 

28.4 




12 

20.5 

44.5 

24.0 


The color produced in the tryptophane test was equivalent to 0.2 mg. of trypto- 
phane N per 100 cc. of blood in the initial period, 0.8 mg. in the 2 hour period. 

T The color produced in the tryptophane test was equivalent to 0.3 mg. of trvnto- 
P ane N per 100 cc, in this period. 
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in the 1st hour. Earlier studies on rats fed even larger doses of f-tiypto- 
phane suggest that excretion in the urine was not invoked (JO). Theo- 
retically, at least, ammonia can be produced metabolically from trypto- 
phane either before or after rupture of the indole ring. The noticeable 
depression in blood urea which followed the initial peak in every test on 
trs^ptophane suggests diversion of nitrogen from urea synthesis, possibly 
to pro\ide ammonia for the excretion of acidic metabolites, such as kj'- 
nurenic acid. This supposition is strengthened by the obseivation that 
interference with deamination and kjmurenic acid s^mthesis bj’ blocking 
the a-amino group of trj'ptophane prevented the fluctuations in blood 
urea noted with the free amino acid. If the gradual increases observed 
in the urea nitrogen were produced by the metabolism of the methylene 
or the phenacetyl derivative fed, initial rupture of the indole ring must be 
assumed. Operation of the proc^ involved in the synthesis of kynurenine 
would jneld a derivative of kjmurenine containing a free amino group. 
Since rats fed free kjmurenine excrete only a portion as kynurenine or 
kjmurenic acid (10), at least one other metabolic path, quantitatively 
even more important than conversion to kjmurenic acid, must be avail- 
able for kjmurenine to follow (10). The onty paths obnously closed to 
kjmurenine derivatives such as the ones suggested are those allowing 
ultimate production of kjmurenic acid. 

SUMiLARY 

Analj'sis of the blood of rabbits at inteiwals after the ingestion of sizable 
doses of trj'ptophane reveals changes in the tiyptophane, luea, and non- 
protein nitrogen contents which begin promptlj' and follow a characteristic 
and reproducible sequence. The changes which occur after the ingestion 
of the methjdene or the phenacetj'l derivative of tryptophane follow a dif- 
ferent sequence. 

Suggestions as to the probable course of the metabolism of free tiypf®" 
phane and the derivatives are made on the basis of these data and on the 
assumption that the substituent groups alter the course of metabolism 
chiefly by preventing readj' a-deamination and the sjmthesis and excre- 
tion of kjmurenic acid. 

Analj'sis of a series of rats killed at intenmls after thej' had been fed 
trj'ptophane in amounts too low to cause any considerable excretion 
showed no tryptophane in the muscle or kidnej', but appreciable amounts 
in the liver, skin, and the remainder of the animal during the first few hours. 
At no time did the total amount found in the rat represent more than a 
third of the trj'ptophane absorbed. This supports the conclusion based 
on obser\'ations with rabbits that at least the initial stages of trjT)top^® 
metabolism must proceed rapidlj'. 
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THE ELECTROPHORETIC MOBILITY OF HUMAN SERUM 
ALBUJMIN AS AFFECTED BY LOWER FATTY 
ACID SALTS 

Br GERALD A. BALLOU, PAUL D. BOYER, and JAMES MURRAY LUCK 
{From the Department of Chemistry, Stanford University, California) 
(Rcccivotl for publication, March 12, lOlS) 

In earlier work (1) it was shown that the lower fatty aeid anions, w’hen 
present in low concentrations in solutions of human serum albumin, 
exerted a marked stabilizing cfTect against coagulation of the protein by 
heat. This effect was also observed to increase with increasing chain 
length of the fatty acid anion. The purpose of this investigation was to 
ascertain whether any electrostatic association or specific interaction of the 
lower fatty acid anions with the protein occurred, and to study the effect 
of chain length on the affinity of the carboxylate ion for the protein. 
Since combination of such anions, either by polar association with posi- 
tively charged groups of a protein or bj’’ non-polar association, would 
change the net charge on the protein molecule (2), and since the electropho- 
retic mobility is a sensitive indicator of the net charge (3), the problem 
was investigated electrophoretically. 

A number of investigators (4-9) have demonstrated by means of mobility 
measurements a specific interaction of certain buffer anions with dissolved 
and adsorbed proteins. Specific anion interactions with amylase and 
taka-diastase have also been reported (10). From titration data, Stein- 
hardt (11) observed a variable affinity of different organic acid anions for 
protein, and concluded that the specific affinities could not be attributed to 
electrostatic association alone. As will be seen below, our findings tend to 
confirm this conclusion. 

Lundgren and coworkers (12, 13) and Putnam and Neurath (14) found 
from electrophoretic mobility measurements a considerable interaction of 
synthetic detergents with serum and egg albumin. Several factors, 
however, tend to make the system quite complex when detergents are 
present. Chief among these (a) proteins are readily denatured bj'^ deter- 
gents such as sodium dodecyl sulfate and the alkyl aryl suFonates, and (b) 
except in very dilute solutions, the detergents are present not in true 
solution but in the state.of micelles. Another factor which may influence 
considerably the relationship between mobility and detergent concentration 
is the marked variation in viscosity nuth increase in detergent concen- 
tration. As is well known, the electrophoretic mobility is inversely propor- 
tional to the viscosity of the medium. 

Ill 
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0.10 M, was 1400. Owing to the manner of preparation of the protein- 
buffer solutions, the carboxylate ion concentration in these experiments 
is essentially that of the free fatty acid anions in equilibrium with the 
protein-anion complex. 

These curves demonstrate clearly a specific interaction of these anions 
with the albumin, and an increasing affinity in ascending from butyrate to 
caprylate. I'his increase in affinity corresponds to the increase in thermal 
stability previously noted (1). If the electrostatic attraction between the 
anion and^the positive groups of the protein is similar for the different 
carboxylate ions, as it may well be since the dissociation constants of the 
acids are very nearly the same, then the observed difference in association 



Fig. 2. The effect of lower fatty acids on the electrophoretic mobility of human 
serum albumin. The curves represent addition of (Curve 1) sodium caprylate, 
(Curve 2) sodium heptoate, (Curve 3) sodium caproatc, and (Curve 4) sodium 
butyrate. 

of the anions with the protein may be attributed to the increasing length of 
the hydrocarbon chain (11) and probably to increasing van derWaals forces. 

The inflection in the caprylate curve, tvhich is apparent but less marked 
in the heptoate curve, tvould seem to indicate groups or positions on the 
protein ion having different affinities for the same carboxylate ion. How- 
ever, the causative factor for the initial dip in the caproate and the butyrate 
curves, which may be due to a combined effect of phosphate and the 
carboxylate anion, may also be responsible for the inflections in the capry- 
late and heptoate curves. 

Interesting speculations arise avhen one considers that the electrostatic 
and probably sole type of interaction between the divalent phosphate ion 
and the positive groups of the protein may increase the net charge on t e 
complex by an association of an HPOf ion with two positive charges on e 
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protein, or by association of HPO" with one positive charge on the protein, 
thus leaving a negative charge on the phosphate free. The resultant net 
charge on the comple-v would be the same in either case. However, if the 
HPOr ion, doubly associated, were to be displaced by a singly charged 
anion of high affinity for the protein and were caused to associate in the 
second manner, the net charge on the complex would be increased with 
no loss in phosphate to the complex. 

This may be the e.xpIanation for the results obtained in Fig. 3 in which 
the mobilities for various combinations of caprylate and phosphate are 
presented. The pH and ionic strengths were the same as before; i.e., 
7.7 and 0.2. It will be noted that the mobility rises and levels off at a 
value appreciably greater than that for 0.06 m caprylate in Fig. 2 or for 



Fig. 3. The effect of caprylate and phosphate on the electrophoretic mobility of 
human serum albumin. 

0.072 M phosphate in Fig. 1. Another and perhaps no less plausible 
explanation may be that the summation effect in Fig. 3 is caused by the 
increasing non-polar association of the hydrocarbon chain of the caprylate 
ion with non-polar chains or portions of the protein molecule. This effect 
may also be responsible for the slow rise in mobility between 0,05 m and 
0.10 M caprylate in Fig. 2. 

One run was made in the presence of 0.054 M phosphate and 0.05 m 
butyrate in which a mobility of 6.0 X 10“^ sq. cm. sec.“^ volt“* was obtained. 
If this mobility is compared with that for the caprylate-phosphate mixture 
of the same composition, namely 7.3 X 10"^ sq. cm. sec.“‘ volt“S and with 
6.25 X 10~® sq. cm. sec."^ volt"' for 0.054 m phosphate and 0.05 m chloride, 
there appears the same phenomenon that is illustrated by the butyrate 
curve of Fig. 2; that is, an apparent decrease in net charge on the complex 
caused by the butyrate. 
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0.10 M, was 1400. Owing to the manner of preparation of the protein- 
buifer solutions, the carboxj'late ion concentration in these experiments 
is essentiall 3 '- that of the free fatty acid anions in equilibrium nith the 
protein-anion complex. 

These curves demonstrate clearlj' a specific interaction of these anions 
with the albumin, and an increasing affinity in ascending from butyrate to 
caprjdate. 't'his increase in affinity corresponds to the increase in thermal 
stability pre%dously noted (1). If the electrostatic attraction between the 
anion and^the positive groups of the protein is similar for the different 
carboxylate ions, as it may well be since the dissociation constants of the 
acids are verj’ nearly the same, then the observed difference in association 
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Fig. 2. The effect of lower fatty acids on the electrophoretic mobility of human 
serum albumin. The curves represent addition of (Curve 1) sodium capiybtC) 
(Curve 2) sodium heptoate, (Curve 3) sodium caproatc, and (Curve 4) sodium 
butyrate, 

of the anions with the protein maj’^ be attributed to the increasing length of 
the hydrocarbon chain (11) and probably to increasing van der Waals force. 

The inflection in the caprylate cunm, which is apparent but less marked 
in the heptoate curve, would seem to indicate groups or positions on the 
protein ion hatdng different affinities for the same carboxylate ion. How- 
ever, the causative factor for the initial dip in the caproate and the butjTate 
cuiw^es, which may be due to a combined effect of phosphate and the 
carboxjdate anion, maj’^ also be responsible for the inflections in the caprj- 
late and heptoate cuiv’es. 

Interesting speculations arise when one considers that the electrosta ic 
and probabty sole type of interaction between the divalent phosphate wn 
and the positive groups of the protein may increase the net charge on 
complex by an association of an HPOr ion with two positive charges on e 
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Fungus growth methods for estimating either vitamin Bi thiazole or 
vitamin Bi pyrimidine’ have been used by Robbins and Kavanagh (1), 
Ifavanagh (2), and Krampitz and Woolley (3), and a fermentation stim- 
ulation method has been described by Schultz, Atkin, and Frey (4). A 
procedure utilizing the synthesis of vitamin Bi by yeast from thiazole 
and pyrimidine has been used in this laboratory to estimate minute 
quantities of these moieties. By suitable differential procedure, thia- 
mine, thiazole, and pyrimidine in food materials may be estimated indi- 
vidually. The procedure and certain of its limitations are described in 
this paper. 


Method 

25 gm. of patent flour were introduced into a clean dry 600 ml. volumet- 
ric flask. 1 gm. of fresh bakers’ yeast (Fleischmann, in water suspension) 
and water to 40 ml. were added. The system was then mixed by vigorous 
swirling into a smooth, lump-free batter, stoppered loosely, and allowed 
to ferment 18 hours (overnight) at room temperature. 

Flour was used as a practical expedient to furnish yeast nutrients and 
to avoid the need for a continuous shaker. The flour-water ratio used 
should permit the formation of a batter mobile enough for thorough mixing 
yet viscous enough to prevent settling of the yeast and flour solids. 

The materials being tested were added to assigned flasks as solutions 
or suspensions just before the balance of the water which was used to rinse 
do\vn the necks. Sixteen of these flasks were usually run in one series. 

After fermentation, the batter was dispersed in 250 ml. of 0.05 N sulfuric 
acid, and heated 30 minutes in a boiling water bath. The flasks were 
swirled at least once every minute for the first 5 minutes of the heatmg 
until the starch gelatinized. Any unfermented controls were prepared at 
this point. In these controls, the acid w^as introduced before the yeast 
to prevent synthesis. When cooled, the suspensions were neutralized 
to pH 4.5 with sodium acetate solution. Then 0.5 gm. of clarase m 0 

' Throughout this paper, unless otherwise stated, the term thiazole (H refers to 
4-niethyl-5-hydroxyethylthiazole and pyrimidine (II) refers to 2-methyl-5-etnoxy- 
methyl-4-aminopyrimidine. 
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ml. of water was added and the suspensions incubated overnight at 38®. 
This treatment was found to extract and hydrolyze cocarboxylase effi- 
ciently. The assay for thiamine was then made by means of the thio- 
chrome method with the Decalso purification recommended by Hen- 
nessy (5). 

To determine the increase in thiamine produced by yeast synthesis, 
it was necessary to determine first the thiamine in the unfermented control, 
contributed by the flour, yeast, and the material being tested. The differ- 
ence in the vitamin Bi content between the fermented and unfermented 
samples was regarded as the amount of vitamin Bj synthesized by the yeast. 
This was assumed to be due to the presence of equimolar quantities of a 
thiazole derivative and a pyrimidine derivative which are capable of 


Table I 


BJBctencp of Conversion and Recovery 


Sample and treatment 

Observed 

bydrochloride) 
ptr sample 

Theory 

.. 


r 


Control, unfermented 

IS 9 

mmm 

“ fermented 

18 2 i 


100 y vitamin Bi hydrochlonde, unfermented 

118 0 


100 “ “ “ “ fermented 

115 1 


50 " (I), fermented 

IS 0 


50 “ (II), “ 

18 5 


30 " (I) and 30 y (II) (0.1796 micromole), fermented 

76.7 

96 

50 “ “ “ SO “ “ (0 2994 “ ), 

119 2 

100 

100" " "100" " (0 5988 " ), 

213 4 

97 

50 “ “ (0 3497 micromole) and 100 Y (11), fermented 

135 1 

99 

100“ “ and 50 Y (II) (0 2994 micromole), “ 

115 9 

97 


yielding vitamin Bi upon combination. Amounts of either moiety m 
excess of equimolar proportions were estimated by adding increments of 
the limiting moiety to duplicate systems before the fermentation until 
a maximum production of vitamin Bj was obtained. 

Efficiency — The efficiency of this procedure in converting the thiamine 
moieties (I) and (II) into vitamin Bi may be seen in the data of Table 
I, in which the molar concentration of the limiting moiety is indicated.^ 

The recovery of added thiamine and the efficiency of the yeast synthesis 
ranged between 95 and 100 per cent under these conditions. Thus, at 
these thiamine levels, a correction factor was not required. The data m 
Table I indicate that slight excesses of either moiety had no effect 
the efficiency of the conversion under these conditions and that they 
did not synthesize either (I) or (II). 
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Spccifictty Although (I) nnd (II) are the moieties expected from 
thiamine degradation, they are not the only ones which can be utilized in 
the yeast sjmthcsis of vitamin Bj. Fink and Just (6) tested different 
thiazole and pyrimidine derivatives with varied tj'pcs of yeast and observed, 
that several derivatives could be utilized by the yeasts. Their results 
are in agreement with those of Schultz (7) who found that the physiological 
acti\ity in chemically prepared analogues of thiamine w’as retained when 
the alkyl groups were changed in position 2 of the pyrimidine and position 
4 of the thiazole; changes in positions other than these greatly reduced 
the vitamin Bi acthity. 

Several thiazole and pj^rimidine derivatives’ were available and were 
tested with the 3''east synthesis procedure to determine whether any were 


Table II 

yeast Synthesis wth Varied Thiazole and Pyrimidine Derivatives 


Sample containing 50 y thlaaole and 50 y pyrimidine designated 

Observed 
vitamin Bi/as 
hydrochloride; 
per sample 

BBj 

Control 


Percent 

U) and (II) (0.2994 micromole) 


95 

" " (III) 

18.0 

T8 0 

'' " (IV) 


(V) (0.2762 micromole) 

80.6 

17 5 

67 

■' “ (VI),... ' 

" " (VII).. 

18.0 

18.0 

18.5 

76.0 


" “ (VIII) 


" " (IX)... 


(X) (0.2703 micromole) and (II) 

63 

(XI) and ( 11 ) 

17.5 

70.0 


(X) (0.2703 micromole) and fV) 

57 


w ized by the yeast to form a thiamine analogue capable of being converted 
a fluorescing substance upon alkaline oxidation but being devoid of 
P Bi activity in itself. The following thiazole and pyrimidine 
enyatives were tested: 2-methyl-4-amino-5-methylsulfonic acid pyri- 
^dme (III), 2-methyl-4-hydroxy-6-ethoxymethylpyrimidine (IV), 2-ethyl- 
amno-S-ethoxymethylpyrimidine (V), 2-ethyl-4-hydroxy-5-ethoxymethyl- 
(VI), 4-hydroxy-6-methyl-5-methylpyrimidylethyl acetate 
^ fL ^'^™°°Pyrimidine (VIII), 2-amino-4-chloropyrimidine (IX), 4- 
fflethyl-5-/3-acetoxyethylthiazole (X), and 3-iodomethyl-4-methyI-5-/3-hy- 
oroxyethylthiazole (XI). The results are shown in Table II. The molar 
concentrations of the limiting moiety are indicated. 


'Kindi 


ly supplied by Dr. G. A. Stein. 
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These data show that yeast utilized the combinations (I) and (V), (X) 
and (II), and (X) and ( V) to produce compounds capable of being converted 
to a “thiochrome.” It is probable that other combinations of a number 
of thiazole and pyrimidine derivatives can be utilized by yeast in this way. 
For this reason, the precise configuration of the thiazole and pyrimidine 
moieties present in unknown materials cannot be indicated by this method. 

Deutsch (8) has observed that thiazole (I), pyrimidinesulfonic acid, 
oxychlorothiamine, certain phosphates, and other substances interfere 
in the measurement of pyrimidine (II) by the yeast fermentation method 
in that they affect the rate of fermentation. Interference in the estimation 
of these moieties due to changes in the rate of fermentation has not been 
encountered in the resynthesis method. 

It was of interest to determine whether the analogues of thiamine pro- 
duced by 3 mast had physiological activity. A quantity of the compound 
formed by yeast from (X) and (V) was prepared by the non-proliferating 
procedure described by Van Lanen et al. (9). After thorough washing, 
the yeast was heated in dilute acid solution, neutralized, and digested with 
clarase. The filtrate w’as assayed by the thiochrome procedure. Inspec- 
tion of the aqueous layer folloiving the oxidation and isobutanol extraction 
showed that some “cocarboxylase” had escaped hydrolysis. The clarase 
treatment was repeated until the filtrate was freed of “cocarboxylase.” 
This solution was tested for vitamin Bi activity by curative and prophy- 
lactic tests in rats and was found to contain the same activity as indicated 
by the thiochrome test. This compound would correspond to the 2- 
ethylacetoxy vitamin described by Schultz (7) unless during its preparation 
the acetoxy group had been converted to a hydroxyl group, in which case 
it would correspond to the 2-ethyl analogue reported by Stein et al. (10) 
to have physiological activity. Similarly, other solutions containing the 
compounds synthesized by yeast from known (I) and (II) and from the 
degradation products of thiamine hydrochloride (heated in water at pH 
8.0) were observed to have the same activity in rats as like amounts of 
thiamine hydrochloride. This is in agreement with the report of Fi^i 
Just, and Hock (11) who found that biosynthetic vitamin Bi was active 
in rats. 

Application — The procedure was used to estimate the increased amounts 
of thiazole and pyrimidine moieties in food materials when subjected to 
thermal treatments of such nature as to cause partial destruction of the 
thiamine. The food materials were assayed for thiamine before and after 
the thermal treatment and the difference was regarded as the amount o 
thiamine destroyed. Assuming the destruction consisted of simple cleavage 
or hydrolyds, the theoretical amounts of (I) and (II) involved were m - 
culated. as indicated in Table III. The thermal treatment vaned witn 
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the material. An aqueous solution of thiamine hydrochloride was adjusted 
to pH 8.0 with borate buffer and was kept at 55° for 4 days. During this 
treatment, 85 per cent of the thiamine was destroyed. Aliquots of this 
solution were used in the resynthesis test. The autoclaved yeast was 
prepared bj" autoclaving 5 hours at 120° and subsequently drying. 5 gm. 
portions of the dried preparation were mixed directly vdth the flour for 
the resynthesis test. The bread referred to in Table III was the white 
enriched variety and was baked 30 minutes in an oven at 220°. An entire 
loaf was dispersed in 0.05 n HjSOi in the Waring blendor, heated, neutra- 
lized, digested vith clarase, and filtered. Portions of the filtrate were 
used for the res 3 'nthesis test. The flour sample referred to was enriched 
flour which had been kept at 55° for 3 weeks in a closed container. This 
flour replaeed the control flour in the resynthesis test. The sugar sample 
was prepared by mixing commercial cane sugar with thiamine hydrochloride 

Table III 

Itesynthesis of Thiamine Degradation Products by Yeast 


Thiamine (aa the hydrochloride) in micrograms per sample. 


Type o( decomposition 

Thiamine knonm to 
be present 

Increase 
in vitamin 
Bt aUer 
fermenta 
tion 

Increase 
in vitamin 
Bi after 
fermenta* 
tion vMth 
excess (I) 

Increase 
in vitamin 
Bi after 
fermenta 
tion TMth 
excess (11) 

Per cent of that 
involved in decompo* 
sition 

Active 

Destroyed 

(I) 

HD 

Thiamine solution . . 

42 

92 

19 

54 

16 

21 

59 

Autoclaved yeast . . 

17 

145 

45 

42 

80 

55 

29 

Bread 

167 

30 

10 

9 

20 

67 


Flour. 

65 

60 

15 

22 

17 

28 

37 

Sugar 

40 

94 

7 

23 

7 

8 

24 


(1 mg. per 10 gm. of sugar) and maintaining it at 38° for 10 months. Ali- 
quots of an aqueous solution of this mixture were used in the resynthesis 
test. The efficiency of the vitamin Bi synthesis was checked when each 
of the materials referred to in Table III was included in the fermenting 
system. The inerements of (I) and (II) used in each case were 50 and 
100 y. 

These data indicate that substantial amounts of biologically available 
thiazole and pyrimidine remain m food material in which thiamine has 
undergone partial decomposition. The amounts of (I) and (II) available 
to the yeast differed in the different food products. It appeared that in 
the samples in which the thiamine degradation was induced by relatively 
low temperatures and extended time less thiazole than pyrimidine remained. 
In the materials proeessed by higher temperatures, more thiazole than 
pyrimidine remained. In view of the possible significance of the intestinal 
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synthesis of thiamine, residual thiazole and pyrimidine moieties should 
be considered in the designing and interpretation of feeding experiments 
in which vitamin Bi effects are to be studied. 

The authors are grateful to Dr. G. A. Emerson for her valuable contri- 
butions and to Miss Betty "Wurtz who assisted her in performing the rat 
assays and to Dr. T. J. Webb, Dr. Klaus Unna, and Dr. J. C. Keresztesy 
for their helpful suggestions. 


SUMMARY 

A procedure based upon the synthesis of vitamin Bi by bakers’ yeast 
has been used to estimate the biologically available thiazole and pyrimidine 
moieties in tHamine degradation products. By suitable differential pro- 
cedure, thiamine and the thiazole and pyrimidine moieties in mixtures may 
be estimated individually without interference from other fermentation- 
stimulating substances. The activity of several derivatives of thiazole 
and p3nimidme was determined. Use of the procedure has indicated that 
substantial amounts of the thiazole and p3Timidine moieties may occur 
in food products and that the amounts varied in different types of material. 
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In an earlier paper in this series observations were reported on the rate 
at which glycogen in the liver and carcass of rats was being replaced by 
freshly synthesized glycogen while the animals were maintained at constant 
weight (1). The rats used in those experiments were fed a diet containing 
60 per cent of glucose. From determination of the rate at which deuterium 
was incorporated into glycogen while the body fluids of the rats were 
enriched u-ith DjO, it could be shown that the half life of glycogen was 
approximately 1.0 day in the liver and 3.6 days in the carcass, and that 
only about 0.44 gm. of freshly synthesized glycogen was deposited each 
day in the entire body of an adult female rat under these circumstances. 

The present report deals with similar experiments in which d-galactose 
was the sole dietary carbohydrate. Galactose was selected as the test 
sugar because earlier workers had found it to be a slow glycogen former (2), 
and also because, on structural grounds, it appeared doubtful whether 
galactose could be converted into glucose without prior rupture of the 
hexose chain into triose fragments. We have previously indicated the 
reasons for our expectation that glycogen, synthesized from fragments 
smaller than hexose in an animal whose body fluids contain DjO, should, 
when isolated, approach in isotope concentration 66 per cent of that in the 
body water (1). Ex'perimentally, deuterium concentrations of 56 to 57 
per cent of that in the body water were obtained in the liver glycogen in a 
short time when lactic acid (3) or alanine' served as precursor. If, starting 
from galactose, glycogenesis proceeds exclusively through lactate, similarly 
high isotope concentrations might be anticipated in the glycogen deposited. 

Rats were maintained on a 60 per cent galactose diet for 1, 2, 4, and 8 
days after the initiation of D 20 administration, and the rise in deuterium 
concentration in the glycogen of liver and carcass was observed. From 
the analytical values obtained (Table II it is clear that in both liver and 


Ino 


Thig work was carried out with the aid of grants from the Nutrition Foundation, 
and the Jpgiah Macy, Jr., Foundation. 

Stetten, D., Jr., and Klein, B., unpublished. 


123 



124 


CAHBOHYPRATB METABOLISM. IV 


carcass the isotope concentration which was approached asymptotically 
in the glycogen lies closer to 30 per cent than it does to 60 per cent of that 
in the body water. The deuterium concentration of the liver glycogen 
attained very nearly its maximal value in 2 days and did not rise appre- 
ciably in the succeeding 6 days of observation. Indeed, after only 1 day 
the concentration of isotope in the glycogen from the liver had risen to a 
value of more than half of the maximal level, indicating a half life of 1 day 
or less, or a turnover of 70 per cent or more per day (Equation 3 (1)). The 
distribution of the values is not suitable for a more precise estimate of the 
rate of turnover. 

The concentration of isotope in the glycogen of the carcass was appar- 
ently still rising slowly after 8 days. Extrapolation from the 4 and 8 day 

Table I 

Uptake of Deuterium into Glycogen of Liver and Carcass 

A diet containing galactose as the only hexose was administered to pairs of adult 
rats for 1, 2, 4, and 8 days after the body fluids had been enriched with deuterium 
o.xide. Glycogen was isolated from the livers and carcasses and its deuterium con- 
centration compared with that of the body fluid. 



Concentration of deuterium 

Duration 

Analytical 

Kecalculated valuea 


Body water 





rfnyj 

atom per cent D 

atom per cent D 

atom per cent D 

Percento/hedy 

•water 

prreentfifhoiy 

water 

I 

1.53 

0.298 

0.097 

19.5 

6.3 

2 

1.65 

0.432 

0.206 

26.2 

12.5 

4 

1.31 

0.395 

0.292 

30.2 

22.3 

8 

1.31 

0.369 

0.383 

28.2 

29.2 








values (Equation 2 (1)) indicates that the maximal value, achieved only in 
infinite time, would be approximately 32 per cent of the deuterium concen- 
tration in the body water. The rate of turnover of muscle glycogen, k 
(Equation 1 (1)), has been calculated by the method of least squares as 30 
per cent replaced per day, which makes the half life of muscle glycogen 
about 2.3 days. 

Whereas the fraction of all the glycogen replaced each day in liver and m 
carcass when galactose was fed was as large as, or larger than, the corre- 
sponding fraction when glucose was fed (1), the actual weight of glycogen 
newly synthesized and deposited each day in the body of the rat was 
undoubtedly less when galactose was fed. This apparent discrepancy 
arises from the fact that the quantity of glycogen present both in carets 
and in liver is appreciably less when galactose rather than glucose JS e 
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sugar of the diet. Thus, wlien glucose Avas fed, the glycogen recovered 
from the liver averaged 547 mg., from the carcass 331 mg., Avhereas, after 
feeding of galactose, an average of only 74 mg. of glycogen Avas found in 
the liver, 211 mg. in the earcass. In vioAV of the uncertainty of the rate 
of turnover of the liver glycogen referred to in the previous paragraph, Ave 
do not feel justified in ealculating the precise Aveight of glycogen replaced 
per day in rats eating galactose. 

The fact that the deuterium concentration in the glycogen of neither 
liver nor carcass sIioaa’S any tendency to approach the expected maximum 
of 66 per cent requires the conclusion that a portion of the hydrogen of the 
glycogen synthesized from galactose AA'as neither deriA^ed from nor in equi- 
librium AAith the hydrogen of the body AA’ater. In view of our previous 
demonstration that the hydrogen of glycogen synthesized from lactate is 
almost exclusiA'ely either deriA'cd from or in equilibrium AAuth that o t e 
body Avater (3), it may be concluded that in the conversion of galactose to 
glycogen lactate is not a major intermediate. Regardless of Avhether g yco- 
gen Avas synthesized from glucose or from galactose, only about one a 
of the carbon-bound hydrogen in each neivly formed glycopn mo ecu e 
Avas derived from the body Avater. The other half of the stable y 
in the glycogen formed must have been derived from hydrogen mi la y 

bound to the hexose of the diet. . . . v • a 

It folloAvs that galactose may be converted into glycoge'n m e anima 
Avithout labilization of some of its hydrogen. Three possible pa AAays 
suggest themselves and there are no clues in the present data avoring anj 
one of these, (a) Epimerization about carbon atom 4 may occur avi ou 
rupture of the hexose chain. (6) Rearrangement of the ^ 

may occur through the intermediate formation of a cyclo exi o i 
suggested by Fischer, (c) Galactose may be split into fragmen s av ic 


immediately recondense to form glucose. j •• ont 

When rats are fed galactose in the quantities administered in e 
experiment, this sugar appears in considerable quantities in e ’ 
About 8 per cent of galactose aa'RS present constantly in t e urine an 
urine volumes Avere large, about 100 cc. per rat per day. e iso a i 
urinary galactose Avas accomplished by its oxidation to ga ac omc 
subsequent condensation Avith o-phenylenediamine to t ® ^ea i y c 
lized benzimidazole derivative (5). This material isolate rom 
tained only 0.010 atom per cent D. The water from t e sanie a 
urine contained 1.33 per cent D 2 O. This is in strilong con 
urinary glucose of the diabetic rat in Avhich, under sum ar circ > 

very considerable concentrations of deuterium were foun ( )■ ^ 

The absence of deuterium from the urinary galactose -rhanirp of 

argument against the possibility of biologically ac nm e ex 
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carbon-bound hydrogen atoms in the hexose molecule. It is always chffi- 
cult to establish with certainty that such exchange does not occur. The 
stability of the carbon-bound hydrogen atoms of glycogen and of glucose 
has, under certain selected condition's, already been demonstrated. Thus, 
whereas 34 per cent of the hydrogen of glycogen, corresponding roughly to 
the hydroxyl hydrogen, exchanges with water on simple solution, no deu- 
terium can be made to exchange with the remaining 66 per cent even on 
prolonged boiling with alkali and DjO (1), Once the isotope in the 34 per 
cent of exchangeable positions has been eliminated, no further isotope is 
lost on repeated treatment of deuterio glycogen with aqueous alkali. 
Glycogen samples have been isolated after feeding of lactate which con- 
tained concentrations of isotope in fair agreement with predicted values (3). 
Deuterio glucose has been isolated, as the pentaacetate, from the urine of a 
diabetic rat receiving D 2 O, and conversion of this pentaacetate to glucos- 
azone resulted in the loss of exactly one-seventh of the deuterium, corre- 
sponding to the one carbon-bound hydrogen atom displaced in the process. 
After prolonged heating of glucose in heavy water, the glucose pentaacetate 
isolated contained no significant amount of deuterium (6). 

To these lines of evidence should now be added the observation that on 
passage through the body of a rat whose body fluids contain DjO galactose 
acquires no stably bound deuterium. It has earlier been argued, on similar 
grounds, that the failure to find any deuterium in those fatty acids which 
the animal does not synthesize, linoleic and linolenic, indicates the animal’s 
inability to introduce deuterium into fatty acids by exchange, and hence 
the occurrence of deuterium in other fatty acids under the same circum- 
stances indicates synthesis, or at least chemical reaction (7). This argu- 
ment may now be applied to the present situation. Whereas galactose is 
apparently not synthesized to any large extent by the male rat, it is cer- 
tainly not a highly abnormal metabolite. The fact that the rats in the 
present experiment excreted galactose devoid of carbon-bound deutenum 
may therefore be taken as strong evidence against the occurrence of ex- 
change of carbon-bound hydrogens of hexoses in the animal body. It 
gives additional weight to the interpretation of the positive finding of 
deuterium in urinary glucose under various circumstances, and pei^ts, 
with reasonable certainty, the use of the deuterium concentration in unnary 
glucose as a measure of glucose synthesis. 

EXPERIMENTAL 

The diet used consisted of galactose (Smaco) 60 parts, casein (Labco, 
vitamin-free) 22 parts, yeast powder 6 parts, salt mixture (8) 6 parts, an 
roughage (Celluration) 6 parts. The purity of the galactose was confirme 
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by measurement of its specific rotation after mutarotation; [a]o = +80.8°. 

Tavo white male rats of the Sherman strain were used in each of four 
e.\periments. The rats weighed 195 to 200 gm. initially and were placed 
on the experimental diet for a few days until approximately constant weight 
was achieved. Diet and drinking water were allowed ad libilum. 

Elevation of the D«0 concentration in the body fluids was abruptly 
effected (1) by the subcutaneous injection of 99.5 per cent DjO, 1 cc. per 
100 gm. of body weight, and was maintained by replacement of the drink- 
ing water by 1.5 to 1.85 per cent DaO. Rats were killed 1, 2, 4, and 8 days 
after initiation of DjO administration. Isolations of glycogen were carried 
out by previously described methods (1). 

Urine was collected under toluene and analyzed at frequent intervals for 
redueing sugar. From the pooled urine collected during the period of D 2 O 
administration, a 25 cc. aliquot, containing 2 gm. of galactose, was con- 
centrated in vacuo to a syrup. The residue was taken up in methanol, 
filtered, and oxidized with R in methanolic KOH (5). The potassium 
galactonate obtained was condensed with o-phenylenediamine according 
to the procedure of Moore and Link (5) and the benzimidazole derivative 
repeatedly recrystallized from water. 

SUMMARY 

When rats were fed galactose instead of glucose as the sole dietary sugar, 
less glycogen was recovered from their tissues, especially from their livers. 
The rate at which deuterium was incorporated into this glycogen from D 2 O 
in the body fluid was at least as rapid as when glucose was fed. From the 
maximal isotope concentrations in the glycogen it could be shown that the 
animal can convert galactose into glycogen without labilization of all of 
the carbon-bound hydrogen. 

The galactose excreted in the urine w'hen galactose is fed to male rats 
receiving D 2 O is essentially free of deuterium. This finding provides con- 
firmation of the non-exchangeable nature of the carbon-bound hydrogen 
of hexose. 
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Studies of the relative abilities of powdered bone, dentin, and enamel to 
adsorb various ions, c.g. phosphate (1, 2), from aqueous solutions have 
shown that, for short exposures of the powdered tissues to the solutions, 
bone adsorbs more than dentin and dentin adsorbs more than enamel. 
Since the calcified tissues are composed largely of mineral crystals of nearly 
identical composition, the question arose as to whether the physical prop- 
erties, viz. density, control the adsorption of phosphate. 

In prior studies, the powdered hard tissues w’ere exposed to various solu- 
tions for relatively short periods (30 to 60 minutes) ; the periods were chosen 
experimentally by following the rate of adsorption and selecting a time at 
■which a “plateau” of adsorption apparently was reached. An ob'vious ex- 
tension of these tests ■u'as to expose the three tissues to solutions for longer 
periods of time and to observe the relative amounts of phosphate adsorbed 
by the three tissues. Surprisingly, after prolonged exposure there is a 
reversal of the order in which these tissues adsorb phosphate, so that enamel 
adsorbs more than dentin and dentin more than bone. 

Procedure 

Radioactive phosphate (P”) solutions w’ere prepared from red phosphorus 
bombarded in the cyclotron. The phosphorus was dissolved in aqua regia 
and neutralized with sodium carbonate to a pH of 7.0 (1). A 0.2 m aqueous 
solution of disodium phosphate was made up and radioactive phosphorus 
was then added so that 25 ml. contained a kno'wn radioacti'vity (about 10,000 
counts per minute) as measured on the Geiger-Miiller scale-of-four 
counter (3). 

The tissue samples consisted of 50 mg. portions of pow'dered enamel, 
dentin, and bone, respectively, of uniform particle size. The enamel and 

^ * This work was supported in part by grants from the Carnegie Corporation of 
l^ew York and the Eastman Dental Dispensary of Rochester. 
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dentin were separated by the Manly-Hodge flotation method (4). The 
organic matter of the bone was extracted with 3 per cent KOH in ethylene 
glycol (5). Each sample (50 mg. of powdered tissue) was stirred with 
25 ml. of radioactive phosphate solution at 40° for various lengths of time 
ranging from 1 to 64 hours. The tests were made up in quadruplicate 
except for the 64 hour experiment which was in duplicate. After stirring, 
the solutions were centrifuged for 10 minutes and decanted. The pre- 
cipitates were wmshed twice with 20 ml. portions of distilled water for 10 
minutes. After each washing they were again centrifuged and the fluid 
decanted. The precipitates were then dissolved in 2 ml. of 4 n HCl, 
diluted suitably with distilled water, and the radioactivity determined. 
Tw'o counters w^ere used during the experiment. In order to have com- 


Table I 

Phosphorus Adsorbed by Various Calcium Phosphates from 0.2 it Solution of Sodium 

Phosphate 


Time stirred 

Average P picked up per gm. solid iX/il) 

Bone 1 

Dentin 

Enamel 

Jirs, 

mg. 

mg. 

mg. 

1 

61.5 

30,2 

10.6 

2 

65.5 

38.9 

26.8 

4 

71.7 

48.2 

42.3 

8 

75.8 

57.1 

44.3 

16 

77.1 

68.2 

58.7 

32 

87.1 

68.1 

91.6 

64 

102.2 

122.0 

136.4 


parable data, the phosphorus standards and potassium acetate standards 
were checked repeatedly on each counter. 

The rate of rotation and size of the stirring propeller w'ere suspected of 
having some effect on the rate of adsorption. A test of these variables 
indicated, how’ever, that the size of the stirrer had no effect on the rate of 
adsorption and that an increase in the speed of stirring produced only a 
slight, probably insignificant, increase in the rate of adsorption. In this 
experiment 50 mg. bone samples were stirred with a 0.002 Ji solution of 
Na2HP04 at 40° for 30 minutes. “Slow speed” indicates about one-half 
of the “fast speed” in the following tabulation of the mg. of P taken up 
per gm. of bone. 

slow speed Fast speed 

8.25 8.65 

8.02 9-02 


Large stirrer. 
Small “ . 
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Results 

Table I shows the amount of phosphorus adsorbed by bone, dentin, and 
namel, respectively, when each was stirred with a 0.2 m sodium phosphate 
solution at 40 for periods of 1 to 64 hours. Each tissue gave evidence of 
greater adsorption vnth longer time exposures to the solution. In the earlier 
adsorption of marked phosphorus was observed up to 
u minutes exposure to the solutions and thereafter a semblance of a 
P ateau was reached. From the data in Table I it is evident that the 
plateau at 45 to 60 minutes was an artifact and that a fairly rapid adsorp- 




Fm. 1 Fio. 2 

Fig. 1. Adsorption of radioactive phosphorus by powdered bone, dentin, and 
enamel. ^ The ordinate X/M represents mg. of phosphorus per gm. of tissue. The 
a scissa is the total time exposure of the powdered tissues to the radioactive NajHPOi 
so u ions. Note the reversal of the order in which the three tissues adsorb phosphate, 
and ^ i^mounts of radioactive phosphorus adsorbed by samples of bone, dentin. 
The ordinate represents the logarithm of the mg. of phosphorus per 
• o hard tissue. The abscissa is the exposure time expressed in logarithms. In 
Meral, there is a straight line relationship between the concentration and the time, 
e s opes for the three tissues are in the order enamel > dentin > bone. 


bon of marked phosphorus occurs in each sample over at least 8 hours 
exposure time. 

■After 1 hour the order of the amounts adsorbed was bone > dentin > 
enamel. The values quantitatively confirm those obtained previously (2), 
except that for enamel, which was lower in this 60 minute period than was 
lound previously after 30 minutes. At 32 hours the order of the amount 
o adsorption was altered so that enamel > bone > dentin (Fig. 1). Thus, 
ot the longest exposure time, there is a complete reversal of the order of adsorp- 
lon (1, 2 ) obtained with short exposure tijnes. 
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DISCUSSION 

A number of comparable studies irith radioactive isotopes as tracers have 
been carried out (2, 6, 7). In each test the three tissues studied have 
shon-n the same order of uptake; viz., bone, dentin, enamel. This order 
seemed to have a plausible e.vplanation based on the order of fundamental 
crj'stal size, which is just the reverse; the smaller the CQ'stals the larger 
the effective adsorbing surface (8). Another explanation might be based 
on the different densities and porosities of the three tissues. Thus, it may 
be assumed that the phosphate solution can penetrate bone (density = 2.0) 
more rapidly than the dentin (density = 2.1 to 2.3) or the enamel (den- 
sity = 2.9 to 3.0). More rapid penetration (bone > dentin > enamel) 



Fio. 3. Relation of the concentration of radioactive phosphorus to the square 
root of the exposure time. The ordinate X/M represents mg. of radioactive phos- 
phorus per gm. of powdered tissue. The abscissa is the square root of the exposure 
time. In general, a straight line relationship is exhibited. The time constants for 
the three tissues are enamel 0.002, dentin 3.5, and bone 123. 

would provide an explanation for the general rate relations shorni in Fig. 1, 
and the high densities would make continuing adsorption plausible. 

The order of adsorption after lengthy exposures, viz. enamel > dentin > 
bone, cannot be explained on the baas of the crystal sizes or differences in 
densities. The fundamental processes occurring after penetration are un- 
knonm; however, they seem to be in some way characteristic of each tissue. 
Thus, in Fig. 2, where the logarithms of the mg. of phosphate adsorbed are 
plotted against the logarithms of the exposure times, each tissue is found to 
exhibit a linear dependence of “turnover" on the logarithm of time. These 
cur\’es show slopes for the three tissues in the order enamel > dentin > 
bone. What controls this long time tendency for enamel to exhibit ^ater 
quantitative adsorption is a difBcult question. The basis may be in t e 



JOHANSSON, FAIiKENHEIM, AND HODGE 


133 


chemical differences in enamel, dentin, and bone cited by Armstrong and 
others (9, 10); the basis may be some physical characteristic; certainly at 
the present time the causes arc hidden. 

Kng, Cole, and Oppenheimer (11) have evolved an equation' describing 
certain time-concentration cur\'es which they obtain in a study of the 
diffusion of the dye, T-1S24, from blood plasma. When applied to our data 
for adsorption times of 1 to 64 hours, their equation gave a linear relation- 
ship between the “adsorption” of radioactive phosphate and the square 
root of time (Fig. 3), which indicates that diffusion is the limiting factor 
for each tissue. 

At 64 hours, sufficient radioactiv'e phosphate is present in the powdered 
tissues to require that a large proportion- of the total phosphate present 
must have exchanged (if exchange is the only mechanism by which marked 
phosphorus is taken up by the solid particles). Since equilibria are slowly 
attained in colloidal systems, it seems improbable that the values even after 
64 hours of exposure represent any definable state. It is improbable that 
the uptake of marked phosphorus represents any preferential exchange of 
P“ from the solution for P" from the solid. 


SUMMARY 

1. Powdered bone, dentin, and enamel adsorb marked phosphates from 
neutral solutions of sodium acid phosphate at 40°. Increasing amounts of 
marked phosphate are adsorbed by each of these tissues with increasing 
exposure times (at least up to 64 houre). 

2. Up to 16 hours exposure time, the tissues adsorb phosphate in the 
foIlo^ving order, bone > dentin > enamel. This order is found to be 
reversed at 64 hours. 


The authors Avish to thank Dr. Robley D. Evans of the Massachusetts 
Institute of Technology for the radioactive phosphorus; Mr. J. F. Bonner 
for assistance in connection with the Geiger coimters; and Dr. K. S. Cole, 


' The equation mentioned above is c = Co(l — "V/ t/T) where c is the concentra- 
tion of radioactive phosphate at time t, Co is a concentration constant, and T is the 
time constant of the process. The time constant appears to be some function of the 
diffusion constant. The regression lines given in Fig. 3 were calculated from 


c 




where g = 2(V7c) - Vf'Ec and h = n - Vt -sVi- 

’ The proportion of total phosphate which must have been exchanged was calcu- 
lated to be 72 per cent for bone, 81 per cent for dentin, and 82 per cent for enamel. 
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Dr. R. W. Brauer, and Mr. J. A. Rafferty for discussions of the mechanism 
of the phenomena described. The authors acknowledge the assistance of 
Miss Elizabeth Street with the statistical computations. 
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The bulk of the literature ou embryochcmical growth has been devoted 
to changes in the embryonic chick and fish. Unfortunately the unique 
position of the mammalian fetus, the only one not developing in a closed 
system, prevents any generalization of conclusions dra^vn from observations 
on the eggs of these lower forms of animals. Parallel groirth changes are 
infrequent even between different mammalian species, since the placenta 
m one may offer a set of barriers to the passage of a particle which freely 
crosses the placental membranes in another species of mammal. The 
human placenta, for e.xample, interposes three barriers between the fetal 
and maternal bloods, while in the pig no less than six membranes are inter- 
posed between the two circulatory systems. 

The only paper approaching completeness in dealing with the evolution 
of the various lipids in the mammalian fetus is that in which Boyd (5) 
studied the r61e of the placenta in the transfer of lipids to the rabbit fetus. 
For the purpose of the present study the pig fetus was selected as offering 
unique possibilities for an analysis of lipid development. Since the pig 
placenta offers a maximum number of barriers to the passage of particles 
from the maternal blood to the fetus, one might e.xpect the fetal pig to 
exhibit a greater ability to synthesize its tissue components than is the 
case mth other mammals, such as man and the rabbit. The complexity of 
the placenta in the pig, together uith the pooling of fetuses from different 
litters for the various analyses, should reduce the effect of dietary variations 
m the mother. 


Methods of Analysis 

The pig has a gestation period of from 1 10 to 120 days, or approximately 
months (17, 20). During the first 3 weeks, the fetuses are so small 
(15 mm. or less) that it has not been possible to obtain suffieient numbers 
or analysis. The period of most rapid growth rate, i.e. the 2nd and 3rd 
Months, has been di^dded into approximately 5 day periods, the fetuses 
ailing within a given age range being pooled imtil a sufficient number had 
een obtained for analysis; older fetuses were classed into groups uith a 
10 day age range. The samples were thus assigned to one of the following 

Present address. School of Nutrition, Cornell University, Ithaca, New 1 ork. 
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groups (the figures representing the crown-rump length of the fetus in mm.) : 
16 to 30, 31 to 50, 51 to 60, 61 to 80, 81 to 100, 101 to 110, 111 to 120, 
121 to 140, 141 to 160, 161 to 175, 176 to 190, 191 to 200, 201 to 230, 
231 to 260. Since the length of the pig fetus has been correlated with the 
intrauterine age by various workers (17, 20, 21, 23), it appears safe to con- 
clude that fetuses of the same length are in the same phase of embryonic 
development. 

The specimens were collected within a half hour of the death of the 
mother, and usually showed life as exhibited by the fetal heart beat. The 
uterus was opened, the fetus dissected free from attaching membranes, 
dried with filter paper or gauze pads, and the cro\vn-rump length recorded. 
After an immediate weighing, the abdominal and cranial cavities were 
opened to insure access of solvent to the tissues, and the specimens were 
placed in 95 per cent ethyl alcohol for dehydration and extraction. The 
collections were brought to the laboratory, ground to a fine pulp in a food 
chopper, care being taken to rinse all particles back into the flask nith 
additional alcohol, and allowed to stand at room temperature for a minimum 
of 24 hours in an amount of alcohol at least equal to that of the volume of 
pulped tissue. 

The tissue was then exhaustively extracted with alcohol and ether and 
the combined extracts concentrated in vacuo at 40° to a small volume. 
This concentrate was in turn repeatedly extracted with redistilled petroleum 
ether. The clear petroleum ether solution, containing only the lipids, was 
made up to a suitable volume in a volumetric flask, from which aliquots 
were taken for the various analyses. 

The water-alcohol layer remaining after extraction with petroleum ether 
wms evaporated to dryness and the caramel-like residue weighed. This 
“tar,” containing proteins, salts, carbohydrates, etc., soluble in the earlier, ^ 
more watery extracts, wns present in sufficient amounts to necessitate in- 
cluding it in calculating the “dry weight” of the fetuses. 

The extracted tissue was weighed after removal of the remaining solvent. 
This w'eight, plus the sum of the weights of the “tar” and the lipid, gave 
the “dry weight” of the sample from which the per cent of water in the 
fetuses was calculated. 

Most of the various lipid analyses were run in triplicate or quadruph'cate 
(occasional determinations w'ere run in duplicate only). Total lipid was 
determined gravimetrically on approximately 50 mg. samples. Free fatly 
acids were determined on these lipid samples by adding 10 ml. of hot, 
neutral 95 per cent alcohol and titrating with standard 0.05 N NaOH to an 
a-naphtholphthalein end-point. The calculations for free fatty acids were 
made on the assumption (upheld by iodine number and molecular weigh 
determinations) of a mean molecular weight equal to that of oleic aci 
(mol. wt. 282.3). 
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Unsaponifiablc lipids were determined gravimetrically on 50 mg. samples 
according to the procedure recommended bj' Kelsey (16). 

The total and free cholesterol fractions were determined by the method 
of Kelsey (15). 

Phospholipids were determined by three methods, each focusing itself on 
either a different part of the phospholipid molecule, viz. the phosphorus (18) 
or the fatty aeids (2), or on the intact molecule (3). The comparative data 
for the three methods have been pre\iousl 3 ’’ reported (9). The averages of 
the values obtained bj' the three methods hav’e been used in the present 
paper. 

Iodine numbers were determined on the total and phospholipid fatty 
acids by the method of Yasuda (25). 

DISCUSSION 

The results of the analj'sis of twenty-six groups of pig fetuses, representing 
438 fetuses from 66 litters, and ranging from 17 to 254 mm. in length, are 
presented in Tables I and II. 

Water — The water content of the fetuses at different developmental 
stages shows a decided downward trend throughout the gestation period, 
the most rapid changes occurring before the 50 mm. and after the 200 mm. 
stages. Wilkerson and Gortner (24) have correlated the changes in the 
water content of the pig fetus with anatomical differentiation in the feta 
kidneys. These authors secured data indicating a rapid fall in watei con 
tent at the 15 mm. stage, at which level it remained constant until the fetus 
reached a length of 160 mm. The values reported here show a more gradual 
initial fall, and give no indication of an equilibrium in water content be- 
tween the 15 and 160 mm. stages; instead, they show a small but steady 

drop in the per cent of water during this period. -j w 

Total Lipid — The lipid fraction remains constant during a conadera e 
part of the gestation period. Calculated in terms of the entire feta weig , 
the lipid content remains at slightly over 1 per cent until the last mont o 
fetal life, at which time it rises slightly to a value of 1.4 per cent near 
This behavior of the lipid is in striking contrast to that obsene in ° ^ 

mammals. The fetuses of rabbits (5, 8), dogs (19), and inan (8, 14) ex i i 

a sharp rise of 300 to 800 per cent in the lipid content during the latter par 
of the gestation period. , . • , f nf 

Of interest is the close parallelism of the nitrogen and lipic con en 
the pig fetus. Wilkeraon and Gortner (24) found the protein nitrogen t 
be constant after the 50 mm. stage; on a dry weight basis, total lipids remai 
at a constant level after the 60 mm. stage, indicative of a fairly rigi ra i 

of these substances in developing tissues. . -ft 

Free Fatty Adds— The data for free fatty acids in developing pig lotuses 
as presented in Table II indicate that unesterified fatty acids are presen 
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in considerable amounts, especially in the earlier periods of prenatal life. 
The very definite trend in the free fatty acid content during embryonic 
development, together with the precautions followed to avoid autolysis, 


Table I 


Changes in Size and Water Content of Pig during Embryonic Development 


Average length 
of fetus 

Estimated 
conception 
age of fetus 

Ko. of fetuses 

No. of Utters 

A^'crage weight 
of fetus 

Water content 

mm. 

days 



gm- 

f^er cent 

17 

25 

71 

8 

0.38 

92.6 

21 

27 

30 

4 

0.71 

91.2 

22 

28 

35 

4 

0.92 

91.2 

23 

28 

SO 

7 

0.S8 

91.3 

2S 

32 

18 

3 

1.91 

91.4 

29 

32 

52 

8 

2.07 

91.0 

34 1 

34 

13 1 

1 

3.19 

90.8 

3S 1 

36 

38 

6 

4.44 

91.2 

39 ] 

37 

33 

4 

5.0S 

90.7 

55* 

42 i 

2 

1 

11.2 

90.1 

56 

42 i 

20 

2 

11.0 

89.8 

65* 

45 

3 

1 

13.9 

90.0 

66 

45 

6 

1 

16.0 

89.7 

72 

47 

14 

2 

22.2 

89.7 

85 

51 

5 

1 

1 30,2 

i 89. 0 

95 

55 

8 

1 

41.5 

89.8 

103 

57 

5 

1 

54.4 

89.5 

105 

58 

6 

2 

64.4 

88.8 

107 

1 59 

8 


60.8 

89.5 

114 

61 

6 


65.1 

88.5 

118 

62 

3 


80.2 

89.2 

135 

68 

5 


114.7 

88.8 

187 

84 

2 


302.0 

88.4 

189 

85 

2 

1 

321.2 

88.4 

196 

87 

2 

1 

402.0 

SS.S 

254 

105 

1 

1 

779.0 

SS.3 


* Samples from the same litter. 


minimize the possibility that these acids are artifacts arising from the 
decomposition of some other lipid. 

The presence of considerable amounts of fatty acids in unesterified form 
in the very small fetuses’ suggests the possibility that certain enziunes asso- 


> It is interesting to note the similarity in trends for free fatty acids and (or mi 
nitrogen in terms of tissue solids. The basic nitrogen falls rapidly until t e 
50 mm. stage, after which it remains relatively constant (24). It is impossi ^ ° . 
whether the similar behavior of these two groups of compounds is other than 
dental. That the free fatty acids are in some way associated with , 

genous substances, however, seems probable. The existence of free fatty ae.ds as 
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dated wth lipid metabolism, are absent (or of very low potency) in the 
young fetuses, and are formed (or assume function) at about the 25 mm. 
stage. 


Table II 


Lipids of Fig at Various Stages of Embryonic Development 
The concentrations of the lipid fractions are expressed as per cent of the dry 


weight of the fetus. 


AveraK 
length 
o! fetus 

Total 

lipid 

Free 

Phospho- 

lipid* 

Unsaponi- 

fiable 

lipids 

Cholesterol 

fatly 

acids 

Total 

Free 

mm. 

17 

15.9 

2.42 

8.12 

2.95 

1.67 

1.45 

21 

15.7 

2.36 

7.80 


2.14 

2.07 

22 

10.8 

1.25 

6.50 

2.63 

1.77 

1.46 

23 

13.2 

1.60 

7.68 

3.12 

1.85 

1.46 

28 

11.1 

1.98 

6.72 

2.35 

1.72 

1.57 

29 

11.3 

1.10 

7.36 

2.15 

1.60 

1.32 

34 

11.6 

1.35 

7.21 

2.60 

1.54 

1.17 

38 

12.4 

1.16 

7.61 

2.24 

1,41 

1.33 

39 

11.5 

1.27 

7.35 

2.35 

1.55 

1.34 

S5§ 

10.7 

1.18 

6.33 

2.37 

1.40 

1.21 

56 

10.8 

1.07 

7.05 

2.22 

1.48 

1.29 

65§ 

8.9 

1.16 

5.47 

2.11 

1.49 

1.36 

66 

11.1 

1.29 

6.68 

2.29 

1.26 

1.23 

72 

9.2 

0.92 

5.86 

1.80 

1.30 

1.08 

85 

9.3 

0.98 

5.68 

1.97 

1.22 

1.18 

95 

10.1 

1.02 

6.16 

1.83 

1.19 

0.94 

103 

9.1 

0.95 

5.85 

1.68- 

1.22 

1.00 

105 

9.5 

1.08 

5.39 

1.79 

1.20 

1.08 

107 

10.4 

1.33 

6.51 

1.86 

1.33 

1.10 

114 

9.0 

1.02 

5.18 

1.56 

1.11 

1.05 

118 

8.7 

1.06 

5.03 

1.83 

1.12 

1.03 

135 

9.6 

0.77 

5.41 

1.65 

1.20 

1.00 

187 

9.6 

0.77 

4.90 

1.70 

1.16 

0.96 

189 

9.1 

0.78 

4.67 

1.61 

1.21 

0.97 

196 

8.8 

0.68 

4.25 

1.52 

1.05 

1.03 

254 

9.5 

0.65 

4.08 

1.37 

1.05 

0.93 


* Average of three methods of determination (c/, (9)) 
t By difference. 


lodice No.t 


Glycer- 

iflcst 

ToUl 

fatty 

acids 

Phospho- 

l.pid 

fatty 

acids 

2.2 

96 

86 


113 

79 

0.3 

77 

87 

0.5 

77 

68 

0.0 

85 

82 

0.5 

84 

83 

0.2 

72 

71 

1.3 

1 110 

97 

0.4 

1 84 

69 

0.7 

57 

42 

0.3 

76 

71 

0.0 

76 1 

76 

0.8 

77 

95 

0.5 

83 

93 

0.7 

87 

114 

0.9 

74 

59 

0.5 

73 

71 

1.1 

78 

102 

0.5 

74 

85 

1.2 

60 

64 

0.7 

68 

78 

1.7 

97 

93 

2.1 

75 

76 

1.9 

79 

86 

2.3 

124 

115 

3.3 

89 

82 


t Based on oxidation values for the fatty acid solutions. 
§ Samples from the same litter. 


Phospholipids — The average values for phospholipids, 
as per cent of the wet weight of the fetus, show little change at a y ^ 


Balt complexes wdth basic amino acids seems more 
combined fatty acids as such in the tissues. 


logical than the presence of un- 
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during the gestation period. This is quite different from the trend in the 
fetal rabbit (5), in which the concentration of phospholipids increased 
throughout pregnancy, a 5-fold increase being effected during the period 
studied. Calculated on either a wet or dry weight basis, the phospholipids 
of the fetal pig are at a maximum during the early stages of intrauterine 
development. 

Unsaponifiahle Lipids — The total unsaponifiable matter, as determined 
gravimetrically, was found to contain variable amounts of digitonin- 
precipitable sterols (55 to 76 per cent, calculated as cholesterol). In general 
the trend is toward a higher ratio of sterol to non-sterol unsaponifiable 
lipids as the fetus becomes more developed. 

Expressed as per cent of the dry weight of the fetus, the values for un- 
saponifiable lipid decrease during the developmental period to less than half 
the original value, falling on a smooth curve which shows the change to be 
more rapid during the early stages of embryonic growth. 

The cholesterol, as one of the constituents of the unsaponifiable material, 
exhibits a similar trend. The total and free cholesterol contents parallel, at 
lower levels, the changes in unsaponifiable matter. The bound cholesterol, 
while distributing itself over a fairly wide range of values, shows no change 
during fetal grondh. IVhile the latter is entirely in agreement ivith the 
findings of Boyd (5) on rabbit fetuses, the trend for free cholesterol is quite 
different. In the pig, little change is evident in the free cholesterol content 
of the moist fetal tissues during intrauterine development. In the rabbit 
fetus, however, the free cholesterol doubles in concentration during em- 
bryonic growth, increasing particularly in the early and in the very late 
stages. This again emphasizes the difficulty of generalizing in interpreting 
data on fetal composition without due regard to the type of placenta linking 
the fetus to the mother. 

At no time does there appear to be any appreciable demand or tendency 
for cholesterol to appear in ester form, an average of only 1 out of every 8 
cholesterol molecules being in the bound fraction. In general, only sinaU 
amounts of cholesterol esters are found in active tissues, the content varjung 
inversely with the physiological actiidty of the organ (4, 12, 22). The low 
ester cholesterol values- in the actively groiring fetuses are in harmony 
•with these findings. 

Neutral Fat — “Glycerides” were determined by difference, being that 
portion of the total lipid not accounted for as phospholipid, free fatty acid, 
unsaponifiable lipid substance, or cholesterol ester fatty acid.^ Since 

* Hanes (10) notes that, while the liver of the fetal dog contains large amounts of 
“anisotropic lipoid substance” (cholesterol esters), he was unable to find such su 
stances in the liver of the pig fetus in any of the stages of development. 

» Fatty acids combined as cholesterol esters were assumed to have a mole 

weight of 283. 
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certain assumptions ns well as analytical errors are necessarily made m 
calculating the amounts in each of these four fractions, the data for the 
glycerides cannot be considered other than as relative values. The scat- 
tering of the data is undoubtedly greater than the true fluctuations of the 
neutral fat; the trend, however, is readily apparent. ^ 

The glycerides remain at a verj' low level until approximately the middle 
of the gestation period. After the 100 mm. stage is reached, the glycen m 
increase steadily. This increase in neutral fat during the last half of the 
gestation period is attained more gradually than the huge increase oun 
in the fetal rabbit (5), and the absolute values are far lower 
which shows less than half as much infiltrated fat as is found in t J 
near term. In the rabbit, the cur\m for neutral fat has leveled oS before 
parturition; in the pig, the peak has not been attained at term. ® 
confirmation of the observation of Engel and Bode (7) that pig etuses ave 
a minimum enrichment of fat stores before parturition, in contrast to the 


full depots of the rabbit (5) and man (8). , t 

Iodine Numbers of Fatly Acids— In Table II are listed the values for 

iodine numbers of the total and phospholipid fatty acids. 

of the values for both fractions lie between an iodine number 0 . ’ 

the average value for both the total and the phospholipid fa ty aci ein 

82. In neither case is there any indication of a shift towar eit er a 
or lesser degree of unsaturation during progressive staps o e a eve 
ment, despite the fact that the total fatty acid fraction is ma e up o 
cent phospholipid and 25 per cent free fatty acids at one s age, an 
cent phospholipid and 45 per cent glyceride fatty acids, at ano ei s 
embryonic growth. The fatty acids have an average unsaturation equi - 
lent to one double bond; the average analyses (iodine num er > 

molecular weight 283 ± 2.7^) compare closely with the values or o ei 

(90 and 282, respectively). r 

The iodine numbers of the fatty acids in the fetus differ appreci , 
those found in adult tissue. In general the fatty aci s oun o 
pholipids in adult tissue are considerably less saturated t an 
glyceride molecules; the phospholipid fatty acids of the e a pig 
iodine number similar to the fatty acids on the other iiP' 
the present study, an average iodine number of over 8 or e 
fatty acids is indicated, a value well above the reporte averap . 
the back fat of the sow (1, 13), which is representative of t e en 
of the pig (6). This is in line with the observation o ^ 

(11) that the body fat of immature hogs is usually soft, becomi g 
as they approach maturity. 

‘ Mean (± standard error) of triplicate titrations of the fatty acids of ten lip 
samples. 
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BtrMMAHY 

The lipid fractions of 438 fetuses, representing 66 litters and covering 
70 per cent of the gestation period of the pig, have been investigated. 

The water content of the pig fetus exhibits two rapid falls during growth, 
a phenomenon previously correlated with changes in the fetal kidneys. 

The total lipid and the lipid to protein ratio remain constant for a large 
part of the embryonic growth period. 

Evidence is presented that a considerable portion of the non-phospholipid 
fatty acids, often considered “neutral fat,” is actually present in un- 
esterified (free) form. 

On a dry weight basis, the phospholipid content is at a maximum in the 
very young fetus, which has twice as much of this lipid as does the fetus 
at term. The phospholipid fatty acids, in common with the other acid 
fractions, have an average iodine number of 82. 

The unsaponifiable lipids in the dry solids progressively decrease in their 
percentage content during embryonic growth, the total and free cholesterol 
fractions roughly paralleling this fall. At no time is there any notable 
tendency for cholesterol to appear in ester form. 

The fetal glycerides gradually increase beginning about the middle of the 
gestation period, but even at terra they account for only a minor part of 
the total lipid substance. 

Considerable differences exist in the development of the lipids in the fetal 
pig in comparison wth the fetal rabbit. 
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In a previous report (1) a choline-requiring mutant of Neurospora crassa 
has been described. It was shown that the mutant fails to grow on an 
unsupplemented basal medium but grows normally (i.e., at the wild type 
rate) when choline is supplied. Lecithin is also active in promoting 
growth; the slight activity of methionine was interpreted as a sparing 
action on choline. A number of other compounds, structurally related to 
choline, including betaine and aminoethanol, were found to be inactive. 
In a note recently published Jukes and Dombush (2) have shown that 
dimethylaminoethanol is active for this mutant, in agreement with the 
results reported below. 

Recently a new cholineless strain differing genetically from the original 
one was obtained from a culture of w'ild type Neurospora crassa irradiated 
with ultraviolet light. On the basis of the conclusion drawn from previous 
studies that a one-to-one relation exists between genes and biochemical 
reactions (3), it is to be ex'pected that these mutants differ biochemically 
as well as genetically. An examination of the structural specificity of 
choline in promoting the growth of the two mutants was therefore under- 
taken as part of a general investigation into the biochemistry of the strains. 

EXPERIMENTAL 

Mutant Strains — Four independent occurrences of the cholineless char- 
acter have been obtained from irradiated Neurospora; viz., strains 34486, 
34542, 37903, and 47904. Genetic- tests which show that strain 34486 
differs from the wild type by a single gene have been reported (1). The 
results of outcrosses involving the other three mutants indicate that in 
these strains also the cholineless character is associated with a single gene 
change. However, the results obtained by crossing the four mutant tj^ies 
among themselves show that strains 34486, 34542, and 37903 carry niuta- 
tions of the same gene, while the mutation in strain 47904 affects a differ- 
ent gene. All asci (twenty from each cross) obtained from crosses of strain 
34542 to strains 34486 and 37903 contained only cholineless spores, indi- 
cating that these genes are probably allelic. On the other hand, crosses of 
strain 47904 to strains 34486 and 34542 gave rise to asci containing both 
wild type and double mutant spores. The double mutant nature of the 
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latter was established by recovering the original monogenic strains from 
outcrosses of the double mutants to the wild type. These results prove 
that two different choUnelcss genes entered each cross. 

The experiments reported in this paper were carried out with strains 
34486 and 47904. The former is designated clwUneless-1 and the latter 
cholineless-2. 

Compounds — ^We are indebted to Dr. H. J. Almquist for a sample of 
arsenocholine chloride originally prepared by Dr. A. D. Welch, to Dr. A. D. 
Welch for a sample of calcium phosphorylcholine chloride, and to Dr. 
Vincent du Vigneaud for samples of triethylcholine chloride and dimethyl- 
ethylliydroxyethylammonium chloride. 

Neurine bromide was prepared by the treatment of choline chloride 
with bromine to give bromocholine bromide (4), and this compound was 
in turn converted to neurine bromide according to the method of Renshaw 
and Ware (5). 

Monomethylaminoethanol was prepared from ethylene oxide and aque- 
ous methylamine according to the method of Knorr and Matthes (6). 

Dimethylaminoethanol was prepared by adding ethylene oxide to 25 
per cent aqueous dimethylamine in the cold as described by Ifnorr and 
Matthes (7). The resulting mixture was fractionally distilled, the fraction 
boiling between 130-140° being retained. This fraction is principally 
dimethylaminoethanol but does contain approximately 2 per cent water (7). 
The chloroaurate was prepared and had a melting point of 197°, in agree- 
ment with that given by Knorr (8). Analysis showed the following. 

C4H.,NO-nCl-AuCl,. Calculated. C 11.18, H 2.79, Au 45.97 
Found. “ 11.17, ■■ 2.84, “ 46.04 

Diethylmethylhydroxyethylammonium chloride was prepared by con- 
densing diethylaminoethanol with methyl iodide (9) in dry ether in the 
cold. Diethylmethylhydroxyethylammonium iodide precipitated over- 
night in the refrigerator and was purified by dissolving in ethanol and 
crystallizing by the addition of ether.- The iodide ivas replaced with chlo- 
ride by treatment with silver chloride. Analysis of the crystalline reineck- 
ate gave the folloiving. 

C,H„NO-Cr(NH,),(SCN) 4 . Calculated. C 29 . 33 , H 5.33, N 21.78 
Found. " 29.15, “ 5.30, “ 21.84 

Orowlh Studies — ^The results found by growing the mutants in liqind 
culture are summarized in Table I. In these experiments the dry weight 
attained by the mold grown in the presence of various concentrations o 
each test substance was measured. The cultures tvere incubated at 
for 72 hours in the medium previously described (1). A curve re a ing 
growth rate to concentration was obtained for each analogue, but o y 
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optimum concentrations are shoum here, together with the maximum 
growth rate attained on each compound. 

It was found that cholniclcss-S responds to mucli lower concentrations of 
most of the active compounds tested than does cholincless-1 . The con- 
centration of choline required to produce normal growth of the former 
strain is onlj' 0.1 to 0.2 that required by the latter. The explanation of 
this difference appears to rest on the fact that cholineless-2 is not completely 
deficient in the ability to synthesize choline when grown in liquid culture. 
In contrast to choUnelcss-1 , which produces only negligible growth in un- 
supplemented media, cholindcss-2 produces 5 to 15 mg. of dry weight in 
72 hours, or up to 20 per cent of the dry weight attained on an optimum 
concentration of choline. When incubated for longer than 72 hours, 
cholineIess-2 continues to grow at a subnormal rate in the unsupplemented 
medium until the nutrients are e.xhausted. It seems clear from this find- 
ing that, although the choline-synthesizing mechanism is seriously impaired 
in this mutant, it is not entirely lacking. As a result, the requirement of 
this strain for exogenous supplies of choline or choline analogue is not so 
great as is that of choUnelcss-1 , in which choline synthesis is completely 
blocked. 

In the light of the above findings the difference in the ability of the two 
mutants to utilize monomethylaminoethanol is especially noteworthy. 
Cholineless-2 shows a marked deficiency in the ability to utilize this ana- 
logue. Compared with choUneless-1 its requirement is higher, and the 
maximum growth rate attained is considerably less than normal. 

In the course of the genetic investigation of the mutants it was observed 
that, except for an initial germination stage, cholineless-2 fails to grow on 
an unsupplemented agar medium, even after 7 days incubation. This is 
in marked contrast to the slow, but continuous, growth produced in liquid 
culture. The explanation of this behavior is not known. However, sev- 
eral other instances are known in which the ability of N eurospora mutants 
to synthesize specific growth factors depends on the culture conditions. 
Published examples are the pH-dependent pyridoxineless strain 299 (10) 
and arginineless strain 33442 (11) and the temperature-dependent adenine- 
less strain 44206 (3). 

In view of the above finding it was of interest to retest the analogues on a 
solid medium. This was done by means of the Petri plate method de- 
scribed by Thompson, Isbell, and Mitchell (12). Petri plates containing 
the same basal medium as is used in liquid culture plus 2.5 per cent agar 
were inoculated with agar plugs containing a suspension of germinated 
spores. The rate of linear groudh of the mold over the agar plate vas 
determined by measuring the diameter of the circle formed by the grow- 
ing mycelium after 18 hours at 25°. In accordance with a suggestion by 
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Dr. H. K. Mitchell, the original procedure was modified by omitting the auto- 
claving of the agar plates prior to inoculation. The growth of NcuvospoTd 
is so rapid and the incubation time is so short that no interference from 
contaminating organisms need be feared. 

Table I 


Activity of Various Compounds in Promoting Growth of Ckohncless 
Mutants in Liquid Culture 


Compound 

Optimum concentration* 

Maximum 

responset 


Strain 34486 

Strain 47904 

Strair 

34486 

Strain 

47904 


y per ml. 

moles per 
ml. X 

Y per ml. 

moles Per 
ml.XlO* 

per 

cent 

per 

cent 

Choline 

1 0 

8.25 

0.2 

1.65 

100 

100 

Acetylcholine chloride 

6.0 

33.0 

3 0 

16.5 

100 

100 

Arscnocholine “ 

1.65 

8.25 

0 44 

2 20 

100 

100 

Ca phosphorylcholine chloride 

8.0 

31.0 

3.0 

11 6 

100 

100 

Dimethylaminoethanol 

1.2 

13 4 

1 2 

13.4 

100 

100 

Monomethylaminoetkanol 

Dimethylethylhydroxyethylam- 

4 0 

53.2 

10 

133 

103 

75 

monium chloride 
Diethylmothylhydroxyethylam- 

40 

26 0 

20 

13.0 

100 

100 

monium chloride 

120 

716 

80 

477 

100 

90 

Triethylcholine chloride 

240 

1320 

80 

440 

61 

73 

df-Methionine 

60 

402 

6.0 

40.2 

25 

79 

Betaine 





0 

0 

Creatine 





0 

0 

Ethanolamine 





0 

0 

Sarcosine 





0 

0 

Neurine bromide 





0 

0 

Diethylaminoethanol 





0 

0 

Dimethylamine 





0 

0 

Trimethylamine 





0 

0 

Tetramethylammonium chloride 





0 

0 






— 

— 


* Optimum concentration is tiie lonest concentration of the test substance above 
which little or no further increase of grow th rate is obtained. 

t Maximum response is the growth rate attained at the optimum concentration, 
expressed as a percentage of that attained on choline 


The results are summarized in Table II. When grown on agar, choline- 
lcss-2 is found to require more choline for maximum growth than clioUnc- 
less-1. This is referable to the difference of groviih habit of the strains 
on solid medium.. The mat formed by chohneless-2 is denser, with con- 
siderably more aerial growth, than that formed by cholineless-1 . Conse- 
'uentlv, for equal surface areas covered cholineless-2 produces more mass 
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than does choliiiclcss-1 , and its apparent choline requirement is therefore 
higher. 

In agreement with the findings obtained in liquid culture, the mutants 
show a significant difference in their ability to utilize monomethylamino- 
ethanol when cultured on solid medium. In addition, cholineless-2 .show.s 


Table II 

Activity of Vahoiis Compounds in Promoting Growth of Cholineless Mutants on 

Solid Medium 


Compound 


Optimum concentration 


Maximum 

resDonse 








Strain 34486 

Strain 47904 

Strain 

34486 

Strain 

47904 


7 Pir ml. 

moUs per ml. 
xio> 

y per ml. 

moles per ml 

xio> 

per cent 

'■ per cent 

Choline . 

0.4 

3.30 

1 2 

9 90 

100 

100 

Acetylcholine chloride 

2.0 

11 0 

4.0 

22 0 

97 

82 

Arsenocholine " 

Ca phosphorj'lcholine 

0.8 

4 00 

2 0 

10 0 

91 

97 

chloride 

80 

310 

60 

233 

84 

89 

Dimethylaminoethanol 

0.8 

8.96 

1 6 

17 9 

99 

61 

Monomethylaminoethanol. 

Dimethylethylhydroxy- 

6 0 

79 8 

20 

266 

93 

50 

ethylammonium chlo- 







ride .... 

3 0 

19 5, 

8 0 

52 0 

88 

100 

Diethylmethylhydroxy- 





ethylammonium chlo- 







ride 

100 

597 

160 

955 

85 

82 

Triethylcholine chloride 

>200* 

>1100 

>200 

>1100 

>80 

>47 

dl-Methionine .. 

12 

80 5 

20 

134 

32 

54 

Betaine 



0 

0 

Creatine . 





0 

0 

Ethanolamine 





0 

0 

Sarcosine 





0 

0 

Neurine bromide 





0 

0 

Diethylaminoethanol 





0 

0 

I^imethylamine 





0 

0 

Trimethylamine . 
Tetramethylammonium 





0 

0 

chloride 





0 

0 


* Highest concentration tested. 


a deficiency in the utilization of dimethylaminoethanol. On neither com- 
pound does this mutant attain the normal growth rate, although cholineless- 
1 does. If the utiUzation of dimethylaminoethanol involves its conversion 
to choline by the addition of a methyl group (13, 14), the results suggest 
that the cultural conditions (liquid versus solid) affect in some way the 
ability of cholineless-2 to bring about this methyiation. 
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DISCUSSION 

The present experiments show that an inherent difference exists between 
the two chohneless mutants of Neurospora in their ability to utilize mono- 
methylaminoethanol and dimethylaminoethanol. The results suggest that 
the gene-controlled deficiency in cholineless-S may be concerned with the 
methylation of a mono- or dimethylated precursor of choline, while that in 
cholineless-I blocks a prior step in the synthesis. The inability of choline- 
less-2 to utihze mono- and dimethylaminoethanol is relative, not absolute 
as might be expected on the above interpretation. It is possible, how- 
ever, that these compounds have a certain amount of intrinsic choline-like 

Table HI 

Activity of Choline and Some of Its Analogues for Rat, Chick, and Neurospora 

Unless otherwise indicated, data for the rat and chick are taken from the sum- 
mary of Moyer and du Vigneand (9). +, active; — , inactive; less than 10 per 
cent as active as choline The figures in parentheses represent bibliographic ref- 
erence numbers 


Compound 

Rat 

1 

Chick 

spera 

Growth 

Growth on 
homocystme 
ditt 

Ltpo* 

tropic 

Growth 

Perosis 

prevention 

Choline 

+ 

-1- 

■f 

-f 

+ 

Arsenocholine 

— 

-t- 

■f 

+ 

-f 

Dimethylaminoethanol 

- (13) 


+ (W 

-1- (H) , 

+ 

Monomethylaminoethanol 

- (13) 




+ 

Dimethylethylhydro\yethylam- 






monium chloride 

-t- 

+ 

d- 

+ 

+ 

Diethylinethylhydro\yethylani- 






monium chloride 



— 

+ 

d: 

Triethylcholine 

— 

1 

— 

j - 


Betaine 

-1- 

+ 


— 


Methionine 


+ 

— 

— 

± 


activity for Neurospora. It is of interest to note that the addition of ethyl 
groups to mono- and dimethylaminoethanol, giving the diethylmethyl and 
dimethylethyl analogues of choline, respectively, lowers the activity m 
terms of the optimum concentration for the mutants, but increases the 
activity in terms of maximum response by cholineless-2. 

In studies now in progress it has been found that during growirh in liquid 
cholineless-2 accumulates an unknmvn substance which is active for choline- 
less-1 and, to a lesser extent, for itself. Growdh curves obtained with 
choline-free concentrates of the factor resemble those given by monomethyl- 
aminoethanol. Preliminary tests indicate that it is not identical with this 
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substance, however. Further characterization of the factor will have to 
await its isolation. 

A number of interesting comparisons can be made between the activity 
of various analogues for the rat, ehick, and Neurospora. These are shown 
for a number of selected compounds in Table III. 

This work was supported by a grant from the Rockefeller Foundation. 

SUMMARY 

The response of two choline-requiring mutants of Neurospora to some 
analogues of eholine was measured. The following compounds show some 
activity for both mutants; choline, acetylcholine, arsenocholine, phos- 
phorylcholine, dimethylaminoethanol, monomethylaminoethanol, dimeth- 
ylethylhydroxyethylammonium chloride, diethylmethylhydroxyethylam- 
monium chloride, triethylcholine,andmethionine. The following compounds 
are inactive for both mutants; betaine, creatine, sarcosine, ethanol- 
amine, neurine, diethylaminoethanol, dimethylamine, trimethylamine, and 
tetramethylammonium chloride. The mutants show significant differences 
in their ability to utilize mono- and dimethylaminoethanol. The implica- 
tions of this finding for the possible nature of the gene-controlled reactions 
is discussed. 
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FREE EXTRACTS OF PIGEON LIVER: DISTRIBUTION OF 
LABELED CARBON DIOXIDE IN THE PRODUCTS* 

By HARLAND G. WOOD 

(From the Dcparlmcnl of Physiology, University of Minnesota Medical School, 

Mitmeapolis) 

AND 

BIRGIT VENNESLAND and E. A. EVANS, Jb. 

(From the Department of Biochemistry of the University of Chicago, Chicago) 

(Received for publication, March 22, 1945) 

Cell-free pigeon liver extracts have been shomi to catalyze a rapid fixa- 
tion of C'^Oj when incubated with pyruvate and fumarate as substrates (1). 
The net chemical change during the reaction consists of a conversion of 
fumarate to lactate and CO 2 . The original pyruvate concentration re- 
mains unchanged, but very little C’Oj is fixed if pyruvate is omitted from 
the incubation mixture. 

The available data indicated that fixation occurred as a result of the 
reversibility of the enzymic reactions:* 

(1) COj + CHrCO-COOH ^ COOH-CHs-CO-COOH 

(2) COOH-CH:CH-COOH + HsO ^ COOH-CHj-CHOH-COOH 

(3) COOH-CHi-CHOH-COOH + CH,-CO-COOH 

COOH-CHjCOCOOH + CHj-CHOH-COOH 

The reversibility of Reaction 2 can readily be demonstrated, and the 
reversibility of Reaction 3 is in complete accord with our knowledge of the 
behavior of such oxidation-reduction systems. Reaction 1 could only be 
demonstrated to occur in the direction of decarboxylation, as would be 
expected from the energy relations involved (3). Direct evidence of its 
reversibility, i.e., of the formation of oxalacetate from pyruvate and CO 2 
in pigeon liver, is lacking. 

This paper presents evidence in favor of the proposed mechanism of 
fixation by proving that the fixed CO 2 is located in the carboxyl groups of 

* That portion of the work reported in this paper carried out in the Department of 
Biochemistry, University of Chicago, was aided in part by grants from the John and 
Mary R. Markle Foundation and from the Dr. Wallace C. and Clara A. Abbott Memo- 
rial Fund. 

* The possibility of a fourth, non-enzymic reaction, C“OOH-CH:COH-COOH..— 
C»OOH-COH:CH-COOH, has been excluded by the results of Krampitz et al. (2), 
who have demonstrated that excess C” in one carboxjd group of oxalacetate does not 
become spontaneously distributed in both carbo.xyl groups of the acid. 
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the acids present in the incubation mixture (lactic, pyruvic, malic, fumaric), 
as was previously surmised. On the other hand, attempts to demonstrate 
a reversal of the decarboxylation of oxalacetate by fixation of labeled carbon 
in the jS-carboxyl group of oxalacetate indicated that such an exchange 
reaction is apparently too slow to function as the initial reaction in the 
rapid fixation of CO 2 which occurs in the presence of pyruvate and 
fumarate. 


Methods 

Dialyzed extracts of pigeon liver acetone powder were used in all experi- 
ments. The preparation of the enzyme, the methods of quantitative de- 
termination of the products, and the conditions used in conducting the 
reaction were the same as described by Evans, Vennesland, and Slotin 
(1), except that the method of Lehmann (4) was used for determination of 
lactate. NaHC'^Oa was used instead of NaHC’Da in the reaption mixture. 

Separation and degradation of the products were accomplished by a 
modified form of the procedure described by Wood, Workman, Hemingway, 
and Nier (5). The pyruvic acid was bound by bisulfite and the malic, 
fumaric, and lactic acids were separated from the pyrruvic acid by extraction 
with ethyl ether. After removal of the bisulfite the pyruvic acid was re- 
covered by ether extraction. The carboxyl group of pyruvate was then 
liberated by ceric sulfate oxidation (6). 

The malic and fumaric acids were separated from the lactic acid by 
precipitation as the silver salts. The lactic acid was oxidized with per- 
manganate to CO 2 and acetaldehyde. Malate and fumarate were separated 
from each other by virtue of the difference in their rates of extraction mth 
ethyl ether and were then oxidized by permanganate. 

A simpler procedure was used in Experiment II, Table I, no attempt being 
made to separate pyruvate from lactate, or malate from fumarate. The 
acid reaction products were extracted with ethyl ether and the malate 
and fumarate separated from the pyruvate and lactate by precipitation of 
the former as silver salts. Both fractions were then oxidized wdth per- 
manganate in acid solution to CO 2 and acetaldehyde. The CO 2 originates 
from the carboxyl groups of all the acids present, while the acetaldehyde 
is derived from the a- and /J-carbon atoms of lactic acid in the one fraction 
and from the a- and j3-carbon atoms of malic acid in the second fraction. 
The exchange reactions with oxalacetate and C”02 were carried out in a 
manner similar to that described by Krampitz, Wood, and Workman (2) 
for the bacterial preparation. The dialyzed pigeon enzyme extract WM 
activated with MnCh and pyruvate was added to increase the rate of the 
carboxylation. When half the oxalacetate had disappeared the reaction 
mixture was deproteinized with one-third its volume of 10 per cent meta- 
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phosphoric acid. The precipitate was removed by centrifugation and 
the supernatant diluted with water to 30 ml. This is necessary in order 
to prevent the precipitation of aniline by the metaphosphoric acid. The 
C‘’Oj was removed by flushing for 15 minutes with a rapid current of CO 2 
drawn through a sintered glass disk. The CO 2 left in solution was aerated 
into alkali with C02-free air, and analyzed for heavy carbon to ascertain 
the efficiency with which the removal of C ”02 had been accomplished. 
The oxalacetate was then decarboxylated with aniline citrate and the CO 2 
representing the /3-carboxyl group was collected in alkali. 

Results 

The results of the degradation studies prove conclusively that during 
incubation of pigeon liver extracts udth pyruvate and fumarate all of the 
heavy carbon fixed is located in the carboxyl groups of the organic acids 
present in the reaction mixture. Table I summarizes the quantity of 
products found at the end of the reaction, the per cent excess C'’ found in 
the various fractions, the per cent recovery of the total added C”, and the 
per cent distribution of the total fixed C*’. In Experiment I the excess of 
C*’ was the same, within experimental error, in the carboxyl groups of 
lactate and pyruvate. The isotope content of the carboxyl groups of 
malate and fumarate was likewise the same although the dicarboxyhc acids 
contained more C” than the monocarboxylic acids. In Experiment II 
the mono- and dicarboxyhc acids contained the same per cent of excess 
C”, 0.79 and 0.80 per cent. The fixation of CO 2 was quantitatively much 
greater in Experiment II than in Experiment I, 61.8 per cent of the added 
C‘’02 being fixed in Experiment II as compared to 21.7 per cent in Experi- 
ment I. It seems probable that the reactions in Experiment II were more 
rapid than in Experiment I and the reversibility in this case was sufficient 
to give a complete distribution of the C’ in all carboxyl groups, while with 
the slower reaction rate an unequal distribution of C'’ resulted. It was to 
be expected that the C'’ concentration would be identical in the fumarate 
and malate, since the interconversion of these acids by fumarase occurs 
very rapidly. Likewise, since the lactate arises by reduction of pyruvate, 
the C'^ concentration in the two compounds should be similar. 

The attempts to demonstrate an exchange between C‘^02 and the ^- 
carboxyl group of oxalacetate did not yield conclusively positive results. 
A typical experiment is shown in Table II. The amount of C*’ is prac- 
tically within the limits of error of the method of measurement. These re- 
sults should not be taken as an indication that exchange does not occur, but 
they do indicate that the rate of this exchange reaction is of a different 
order of magnitude than that of the rate of fixation of CO 2 with pyruvate 
and fumarate as substrates. 
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Table I 


VisMbxiiion of Fixed C'‘’Oj in Products of Reaction by Cell-Free Liver Enzyme 


Experi- 

ment 

No. 

Product 


Excess C» 

Excess C** 

Recovery 
o! added 
C» 

Distribu- 
tion of 
6xcd C« 



fnif 

Ptr cent 

mxf 

Per cent 

per cent 

I* 

Pyruvate 

3.80 





i 

■COOH 


0.26 

0,0099 

7.1 

32.6 

1 

Lactate 

1.57 






■COOH 


0.28 

0.0044 

3.1 

14.5 


CHa-CHOH- 


0.02 





Fumarate 

0.52 






•COOH 


0.35 

0,0036 

2.6 

11.8 


Malate 

1.64 






■COOH 


0.38 

0.0125 

8.9 ' 

41.1 

i 

•CHOH-CH-- 


0.00 

i 

1 

1 


Totals 



0.0304 

21.7 


lit 

Pyruvate and lactate 

2.36 




1 


•COOH 


0.79 

0.0186 

35.4 

57.2 


CHrCHOH- 

1 

-0.01 





Fumarate and malate 

, 0.87 






•COOH 


0.80 

0.0139 

26.4 

42.8 


•CHOH-CH-- 


0.00 




Totals 



0.0325 

61.8 



* 83 ml. of enzyme, 24 ml. of 0.005 si MnClz, 16 ml. of cozymase (1 mg. of crude 
reparation per ml.), 8 ml. of 0.5 M pyruvate, 8 ml. of 0.5 m fumarate, S ml- of 0.35 m 
N aHC'^Oj containing 0.1403 msi excess C”, 5 ml. of H-0. Incubated 1' hours at 
38° with no gas phase. 

I 27 ml. of enzyme, 9 ml. of 0.005 si MnCli, 6 ml. of cozymase preparation, 3 ml. of 
0.5 SI pyruvate, 3 ml. of 0.5 si fumarate, 3 ml. of 0.35 si NaHC”0s containing 0.0526 
msi excess C“, 6 ml. of H-0, Incubated IJ hours at 39° with no gas phase. 

Table II 


Ci’Oj Exchange vHlh Oxalacetate 



Washings 

1 ^-Carboxyl CO* from 
oxalacetate 


0.74 


Excess heavy carbon, % 

0.01 

0.03 


5 ml. of dialyzed pigeon liver extract, 1.0 ml. of 0.01 MnCIj, 1 ml. of 0.5 st pyruvate, 
1 ml. of 0.5 SI oxalacetate, 0.5 ml. of 0.35 st NaHC‘sOj (heavy carbon 6.2 per cent;. 
Incubated 25 minutes at 39°. 
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DISCUSSION 

The results of the investigation of the distribution of the fixed carbon 
are in complete agreement with the proposed mechanism of fixation. How- 
ever, these results give little information concerning the primary fixation 
reaction itself, other than to show that the CO 2 is fixed in a carboxyl group. 
The fact that the decarboxylation of oxalacetate in the pigeon liver prepa- 
rations is enzymic makes plausible a reversal of this reaction, but the 
exchange studies indicate that such a reverse reaction is apparently too 
slow to account for the rapid fixation observed when fumarate is added to 
the pyruvate. 

Failure to demonstrate an appreciable amount of exchange in the oxSl- 
acetate may, of course, be due to an inhibition of the reaction by the high 
concentrations of oxalacetate employed. During fixation of CO 2 in the 
presence of pyruvate and fumarate the concentration of oxalacetate is 
inappreciable. The possibMity that the first product of fixation is not 
oxalacetate, but some other substance closely related to it, would also ex- 
plain the observed low rate of exchange. Thus if the fixation reaction in- 
volved an intermediary X, in the folloning manner 

-b2H 

Pyruvate -f CO 2 X < — — malate 

-2H 

Ti 

Oxalacetate 

and the conversion of X to oxalacetate occurred at a much slower rate than 
the reduction of X by lactate to form malate, one would expect little ex- 
change between labeled CO 2 and oxalacetate to occur under our experi- 
mental conditions. 

A comparison of the results obtained by Krampitz, Wood, and Werkman 
(2) with bacteria indicates that the pigeon liver and the bacterial prepara- 
tions differ in several respects. Thus, the same procedure that resulted 
in a demonstration of fixation of CO 2 in oxalacetate by bacteria has not been 
successful with pigeon liver preparations.^ The apparent direct formation 
of oxalacetaie from pyruvate has also been demonstrated with the bac- 
terial preparations by Kalnitsky and Werkman (7). However, a considera- 
tion of the energy relationships involved indicates that the amount of 
oxalacetate which could be formed from pyruvate and CO 2 by Reaction 1 
would be too small to be detected by the methods employed (3). This 
fact alone would warrant the conclusion that the fixation mechanism in- 
volves at least one unknown step. In the case oi the reaction in bacteria 

’ Krampitz, Wood, and Werkman obtained such results before the experiments 
described in this paper were undertaken. 
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the possibility of a phosphorylated intermediaiy has been suggested by 
Krampitz, Wood, and Workman (2). No experimental evidence yet ob- 
tained indicates a participation of phosphate during CO 2 fixation in pigeon 
liver, however, although there is likewise no evidence that phosphate does 
not play a significant part in the reaction. 

SUMMARY 

The fixation of CO 2 by pigeon liver extracts, with pyruvate and fumarate 
as substrates, has been investigated rvith CO 2 labeled with C'®. The prod- 
ucts of the reaction have been examined to determine the location and 
concentration of the fixed C“. .It has been demonstrated that the C“ is 
entirely in the carboxyl groups of the pyruvate, lactate, malate, and fu- 
marate and that the concentration of C“ is approximately the same in all 
the carboxyl groups. The results are, therefore, in agreement with the 
previous proposals of Evans, Vennesland, and Slotin (1). 

There remains some uncertainty concerning the details of the mechanism’ 
of the initial fixation reaction. 
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COMPOSITION OF BONE IN RELATION TO BLOOD AND DIET* 


By albert E. SOBEL, MORRIS ROCKENMACHER, and 
BENJAMIN KRyVMER 

{From the Pediatric Research Laboratory and Division of Biochemistry, The Jewish 
Hospital of Brooklyn, New York) 

(Received for publication, December 27, 1944) 

In the literature, various reports on bone analysis indicate that the 
inorganic composition of bone as represented by the formula CaCOs-n- 
[Caj(P 04 )j] (in which as much as 6 per cent of the calcium present may be 
replaced by other bases (1)) often shows an excess of base over that re- 
quired by this formula. This was shown by Gabriel in 1894 (2) and subse- 
quently confirmed (3-5). 

Though many attempts have been made to demonstrate the presence of 
anions in excess of the above formula (5), this fact has not yet been estab- 
lished. Such evidence might support a theory proposed by Shear and 
Kramer (6-8) and confirmed by Logan (9) that CaHPO^ is the first solid 
aggregate formed in calcification. 

To investigate this problem further, our previous e.xperiments on the 
relationship of diet and blood to bone carbonate (10) were extended to 
include total base and phosphate studies, since in those experiments bloods 
containing high phosphorus and low calcium levels and low phosphorus and 
high calcium levels were obtained. In six out of seven experimental groups 
of rats, an excess of base over that required by the empirical formula for 
bone composition was observed, whereas in one group the opposite feature 
was noted. 


EXPERIMENTAL 

The experimental procedure and the diets employed are fully described 
in the previous paper (10). The femora from the final e.xperiments de- 
scribed in that paper were employed. In addition to calcium and car- 
bonate, these bones were further analyzed for phosphorus, total base, and 
ammonia. The methods employed for the analyses are those described by 
the authors (11). 

* Preliminary paper presented before the American Society of Biological Chemists 
{Federation Proc.,2, 70 (1943)). Partially presented before the Division of Biological 
Chemistry, 107th Meeting of the American Chemical Societj', Cleveland, Ohio, 
April 3-7 (1944). 
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Calculations 

mw Ca = (mg. total Ca in bone)/40.08 

Cl p = ( “ cc. p „ „ 02 

“ CO 5 = ( “ “ CO, " '■ )/60 01 

Milliequivalents total base = milliequivalents total base in bone minus milli- 
equivalents NH 4 + in bone 

Residual Ca = mii Ca in bone minus mM CO, in bone 

“ total base = milliequivalents total base in bone — (2 X mM CO,) 

% Ca, % P, % CO, = mg Ca, P, or CO, X 100/mg. weight of fat-free dried 
femur 

Milliequivalents total base per 100 mg. = milliequivalents total base X 100/mg. 
weight of fat-free dried femur 
The ash may be ealoulated by adding 

Mg Ca -b [mg. P X POiiP] -b mg CO, -b24 [milliequivalents total base — 
(2 X mM Ca)] 

PO,:P = (31.02 -b 64.0)/31 02 = 3.063 
The excess of total base over calcium is mainly Mg -b Na. 
n was calculated by three methods. 
ni = i residual Ca/mii CO, 
n, = 6 “ total base/mM CO, 

n, = J mM P/mM CO, 


Table I 


Composition of Serum (Mean Values) 


Group 

Ca 

P 

CO, 

CaaP 

Ca-P 

P Ca 

P CO, 


mg p<r 
ctnt 

mg per 
cent \ 

tot per 
cent 



m 


Reference 

11 2 


51 6 

115 

1 12 

mm 

0 200 

A 

6 3 


58 8 

56 



0.151 

B 

11 8 


59 0 

50 

2 81 

0 36 

0 071 

C 

6 0 

9 4 

56 9 

56 

0 64 

1 57 


A -b vitamin D 

8 7 

8 9 

54 7 

77 

0 98 

1 02 

EK 

B -b “ 

13 3 

6 8 

57 1 

90 

1 96 

0.51 

El 9 

C+ “ 

8 8 

9 3 

52 6 

82 

0 95 

1 06 

119 


The mean results of the bone analyses were evaluated by the statistical 
methods of Fisher as applied to small samples (12). P represents the 
frequency udth which the difference between two means may be due to 
chance alone. When P is 0.05 or less, the difference between the means is 
considered statistically significant. 

Composition of Blood Serum — The results obtained in serum analysis for 
Ca, inorganic P, and CO 2 are shown in Table I. The significance of these 
results has been discussed previously (10). They are reproduced here be- 
cause frequent references will be made to them. 

Deposition of Inorganic Components As Indicated by Total Amount 
Present in Femur — Table II shows the absolute amount of calcium, phob- 
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Table II 

Absolute Composition of Bone (Mean Values) 


Reference 



A + vitamin D 
B + “ 

C + “ 

P, A »s. B 

“ “ “ C 


235.40 

616.30 

242.30 
<io-J 

0.71 

<10-5 

0.043 

0.015 

0.051 


02.36 

114.16 

168.30 

131.91 

141.58 

308.70 

146.60 

<io-' 

0.12 

0.02 

0.04 

< 10-5 

0.26 


13.89 

20.96 

45.25 

23.28 

23.49 

75.77 

23.91 

<io-"> 

0.15 

<io-"> 

0.32 

<io-' 

0.76 


Resld- 

Total ual 

base f., total 
base 


139.831284.73 


252.65 515.71 


36 
43 

127.24 1472.201975.70 
491.46 218.39 443.64 


<io-« <io->“ <io->'> 
0.78 0.68 0.88 
< 10-5 < 10 "“ < 10 ->'' 


tt g (C tt 

“ A " A + vitamin D 

" B “ B + “ "... 

" C “ C + " "... 

“ A + vitamin D t)s. B + 

vitamin D 

P, A + vitamin D m. C + 

vitamin D 

P, B + vitamin D vs. C + 

vitamin D 

P, reference vs. A 

“ “ " B 

It It 0 

“ reference vs. A + vita- 
min D 

P, reference vs. B + vita- 
min D 

P, reference vs. C vita- 
min D 


Sig. indicates that the difference between the two means is s a is 
cant. This method was employed in comparing the Reference sroup “ _ 
others. These values were not calculated because, by inspertion ° p , 

between the means and S(x-x)^, P would be lower than the 
Fisher (12)). x = individual observation; x — mean value, x x e 
the mean; S(x — x) = sum of the deviations from the mean. 

phorus, carbonate, total base, and ammonia deposited. 

of the bone and the calculated residual calcium and residual total base 

also shown. . , i • 

It is readily seen that the total base in all cases is higher t an e ca ci 


0.08 

Sig. 

0.075 

0.074 

Sig. 

<0.01 

<10-5 

Sig. 

<10-5 

0.066 

Sig. 

0.029 

<io-’ 

Sig. 

Sig. 

Sig. 

Sig. 

tt 

tt 

It 

tt 

tt 

tt 

tt 







162 


BONE COMPOSITION, BLOOD, AND DIET 


expressed as milliequivalents (calcium in milliequivalents = 2 times the 
calcium in mM). This is in agreement ivith the findings of Logan (1) and 
Kramer et al. (13) and others. All the calcium, phosphorus, and carbonate 
values ivere higher than those of the reference group, ivhich gives the initial 
content of these components in the bones of the group. The greatest in- 
creases in the deposition were on the high calcium-low phosphorus diets. 

The addition of calcium to Diet A increased the ainount of phosphorus 
deposited compared to that found in Group A to a statistically significant 
degree, whereas the addition of phosphorus to Diet A (Diet C) was ivith- 
out effect. 

Vitamin D caused a statistically significant increase in all bone com- 
ponents analyzed in Group B. In Group A, there were increases in two 
out of the three main bone components; namely, total base and phosphorus 
(since calcium is the principal component of the total base of the bone, it 
need not be considered independentl3'). In Group 0, there was a statis- 
tically significant increment only in the total base. 

Deposition of Inorganic Components As Indieated hy Percentage Present 
in Femur — It may be seen in Tables II and III that, whereas the absolute 
sin<3iin:ts totsi bsse sad pkaspharus iigirer ip aS groups than in 
the reference group, the percentage values were lower in all groups except 
in Group B receiving vitamin D. 

In the absence of vitamin D, Group B has a distinctly higher percentage 
of carbonate than the other two groups, but the difference in the percent- 
ages of base and phosphorus is without significancje. There were no 
statistically significant differences between Groups A and C ivith regard to 
the percentage values of the inorganic components studied. 

In the presence of vitamin D, Group B had higher percentages of the 
inorganic components than the other two groups. There were again no 
statistically significant differences between Groups A and C. 

Vitamin D increased the density of the bones as measured by the per- 
centage of ash in Groups B and A but not in Group C. 

Composition of Bone Calculated from Data — The residual total base to P 
ratios are given in Table IV. The theoretical ratio is 1 .50 from the formula 
n[Ca3(P04);]-CaC03. It is seen in Table IV that the total base was in 
excess of this in six out of seven groups. In the high phosphorus group, 
in the absence of vitamin D this ratio was 1.36. Thi^ variation from the 
usually reported ratio of 1 .50 is unmistakably significant statistically. The 
formula m(CaHP04) •«[Ca3(P04)2]-CaC03 is necessary to explain this 
unusual ratio, where m = 2 and n = 1.6. 

n was calculated by three methods and ni ranged from 1.88 to 3.34, ni 
from 1.92 to 3.41, and Jis from 1.86 to 3.33. If we examine the relationship 
between the blood composition and n (see Tables I and IV), there is a 
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distinct correlation between the semm PiCOj ratio and ns, except for the 
third and fourth values in the series, which become respectively the fourth 
and third. The correlation is not as good for n,i and 712 because Group C 
falls out of line; this may be explained on the basis of the unusual residual 
total base to P ratio found in the bones of this group. 


Table III 


Composition of Bone (/1/can Values) 


Group 

Ash 

Ca 

T 

COi 

Total 

base 





per 

cent 

Per cent 

per cent 

per cent 

m eq per 
100 mg 

in eq per 
100 mg 

Reference 



39 15 

15 26 

7 11 

2 08 

777 0 

5 57 

A 



27 01 

10 39 

4 99 

1 74 

531 1 

4 20 

B 



33 39 

13 02 

5 66 

2 82 

657 0 

3 05 

C 



32 18 

11 45 

5 97 

2 04 

590 2 

4 60 

A + vitamin D 



30 51 

11 80 

5 47 

1 80 

599 8 

3 SO 

B + ■■ « 



43 61 

17 00 

7 48 

3 53 

877 5 

2 55 

C -b “ '< 



31 77 

12 SO 

5 86 

1 85 

634 6 

2 82 

P, Avs B 




0 047 

0 20 

<10-* 

0 036 

0 064 

tt tt tt Q 




0 59 

0 12 

0 09 

0 20 

0 58 

B (( tt 




0 24 

0 60 

0 018 

0 25 

0 07 

“ A “ A -f vitamin D 




0 38 

0 43 

0 73 

0 11 

0 48 

“ B " B -b “ “ 




<10-5 

<io-‘» 

0 017 

<10-5 

0 45 

“ C “ C -b “ 

“ A -b vitamin D vs 

B 

+ 


0 35 

0 82 

0 28 

0 32 

0 04 

vitamin D . 

P A + vitamin D vs. 

C 

-b 


<io-’ 

<10-5 

<10-‘'> 

<10-5 

0 06 

vitamin D 

B -b vitamin D vs. 

c 

-b 


0 50 

0 46 

0 78 

0 49 

0 15 

vitamin D 




0 

V 

<10-5 

<10-'“ 

<io->» 

0.7 

R reference vs. A 




Sig 

<10-5 

0 66 

Sig 

0 60 

“ » “ B 




0 04 

10-5 

0.02 

0 03 

0 41 

“ “ “ C 




Sig 

0 04 

0 76 

Sig 

0 29 

** A 4- vitamin D 


(4 

<10-5 

0 07 

4t 

0 15 

“ “ “ B + “ 




<10-5 

0 17 

<io-‘« 

<10-5 

0 12 

“ “ “ C + “ 


n 


<10-* 

<10-* 

0 10 

<10-* 

0 09 


See note below Table II. 


Table V shows the increments in the components and composition of the 
bone during the experimental period. For Table V, the values found in 
the reference group were subtracted from those found in the experimental 
groups at the end of the experimental period This method of evaluating 
the data may be criticized on the ground that the composition of the bone 
during the experimental period was not static, but that there was a con- 
tinual turnover of old bone salts and replacement by new bone salts, as 
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has been clearly indicated by experiments on bone deposition mth radio- 
active phosphorus (14-16). This approach is especially apt to mislead one 
when the net increase in deposition is relatively small in magnitude. 


T.«i.e IV 

Composition of Bone (Mean Values) 
The results represent molar ratios. 


Group 


Ileference 

A 

B 

C 

A -1- vitamin D 
B « 

C +. “ 

A vs B 
B “ C 
A “ ‘‘ 

A “ A -t- vitamin D 
B “ B “ 

C “ C + 

A + vitamin D rs. B + 
vitamin D 

A + vitamin D vs. C + 
vitamin D . 

B vitamin D rs C -1- 
vitamin D . . 

Reference vs. C 

“ I'S. C 4- vitamin 
D 

Reference vs. A + v'itamin 
D . . 


p 0910 

|o. 11121 

p.l526 
O.llTSj 
0 lois! 
0.13S9 
0 0981 





ri 

O 



J2 


u 

X 


o 

s 


6 

2 

72 


CJ 

H 



p.0S94 

0.1084 

jo. 150 

0.1149 

p.0993 

0.1351 

0.096581 


1.51 

1.48 

1.51 
1.33 

1.49 

1.52 
1.49 
0 263 

<io-» 
< 10-1 
0.63 
0 63 
<10-’ 

0 049 

1.00 

0 19 
<10-’ 


1 Si 
1.52 

1.54 
1.36 

1.55 
1.57 
1.51 


3.34 
2.68 
1.88 
2.52 
2.98 
2.07 
3.11 

<io-» 

<10-' 

0.17 

0.04 

0.046; 

< 10 -* 

<10-' 

0.49 

<io-» 

0.11 

0.01 


3.41 
2.76 
1.92 
2 58 
3.08 

2.15 

3.15 


3.33 

2.72 

1.86 

2.82 

3.01 

2.04 

3.06 


The residual total base to P ratio in the absence of vitamin D indicates 
an excess of acid over base deposited in Groups A and B. In Group C, 
this ratio is Q.955. The ratio for CaHPOi is 1.00. Thus, the empirical 
composition of the salt being deposited as represented by the increment may 
be considered as such a compound. By this reasoning, some CaHP0« 
must also be present in the bones of rats in Group A. In contrast, Group B 
has a ratio of 1.58, indicating that there is a possibility of a Ca(OH)i type 
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of compound being deposited during the experimental period. In the 
presence of vitamin D, the increment in the residual total base to P ratio 
of the salt being deposited was highest in Group B and lowest in Group C, 
Group A being intermediate. There is an excess of base in the bones of 
Groups A and B. The influence of vitamin D was manifest in both high 
phosphorus-low calcium groups (Groups A and C) by a marked increase 
in bone residual total base to P ratio. In Group B, in which this ratio 
was high, the influence of vitamin D was negligible. 

The relationship between blood composition and increment in the residual 
total base to P ratios (see Tables I and V) shows a distinct correlation 
between the serum Ca:P ratios and the increment in residual total base 


Table V 


Increments in Inorganic Composition of Bone during Experimental Period 


Group 

Incre- 
ment in 
weight 
of bone 

Ca 

P 

COi 

Residual total base 


Residual Ca 


CJ 

'rt 

*55 

0 

u 


0 

u 

X 

N 





mu A 



mu X 

mu X 

mu X 


tng. 

1000 





mo 

1000 


A 

23.7 

35.58 



1.39 

1.31 

1.34 

1.54 

B 

45.0 

144.18 

75.94 

31.36 

1.58 

1.49 

1.20 

1.21 

C 

17.2 

42.72 

39.55 

9.39 


0.842 

1.19 

2.11 

A -f vitamin D 

46.4 

81.68 

49.22 

9.60 

1.55 

1.47 

2.50 

2.56 

B -f “ « 

49.2 

392.58 

216.34 

61,88 

1.59 

1.54 

1. 

79 

1.75 

C -t- “ “ 

40.5 

88.58 

54.24 


1.46 

1.45 

2.61 

2 69 


to P, except for the first and second values in the series, which become 
respectively second and first. However, the difference between the incre- 
ment in the residual total base to P ratio of the first and second largest 
value is negUgible (first = 1.59, second = 1.58). 

The values in the increment of n 3 ( 5 P):C 03 are related to serum P.COj 
ratios. If the serum P : CO 2 ratios are arranged in a series for all the poups, 
the increment in 713 follows the same order as the serum PiCOs ratios (see 
Tables I and V), except for the second and third values in the series in 
which the serum C 02 :P ratio is 0.163 and 0.165 and ns is 2.56 and 2.11 
respectively. However, the difference between 0.163 and 0.165 is negli- 
gible. Group B has the lowest increment in ris, both in the presence and 
absence of vitamin D. Group C showed the highest nj values with and 
ivithout vitamin D. /- <• 11 t 

If we consider the increment of ni in the same fashion. Group C a s ou 
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of line. This, however, can be explained by the great excess of phosphate 
that was found in the bone, or, conversely, by the deficiency of base. Thus, 
this fact provides an explanation of the lack of conformity of Group C 
when evaluated by the COa'.Ca ratio only, as noted in our previous 
paper (10). 

The influence of vitamin D on the increment of both ni and nj was 
marked. There was an increase in all cases. The extent of this increase 
is greater than that expected from the increase in serum P:C 02 ratios. 
This may be related to an increase of Ca X P product in the serum (see 
Tables I and V), although some other factor, playing an auxiliary r61e, 
cannot be excluded. An increase in serum Ca X P product would favor 
increased calcium phosphate deposition (as compared with the amoimt of 
CaCOs deposited). This would result in lower values of tii and ni. 

DISCUSSION 

Composition of Bone and Mechanism of Its Formation — In the literature, 
there is general agreement that the composition of bone salts undergoes 
ivide variations (9, 17, 18). In spite of these observed variations, however, 
all the x-ray evidence to date indicates that the bone salts are present in an 
apatite structure (18). Apatite may be considered as a continuous series 
of solid solutions in which the composition of the solid reflects the compoa- 
tion of the liquid ivith which it is in equilibrium. There is an added factor 
that must be considered in accounting for the variations in bone salts; 
namely, adsorption. The small size of the bone crystals offers large sur- 
faces which provide ideal conditions for adsorption. The experiments of 
Logan and Taylor (19) indicate that the calcium carbonate portion of the 
bone may be adsorbed or at least present in higher concentration at the 
surface than in the interior of the bone. The in vitro experiments of 
Hodge et al. (20) uith radioactive sodium indicate the operation of an 
adsorption isotherm in the uptake of sodium by bone and also indicate 
that large amounts of phosphate and fluoride may be adsorbed. However, 
the possibility of isomorphous replacement of sodium in the apatite lattice 
has not been eliminated. 

It is not yet possible to decide whether deposition of bone salt occurs 
as a result of the formation of solid solutions or is a two stage process 
consisting of the formation of an initial precipitate followed by ion exchange 
and adsorption. In both of the above processes, the composition of the 
solid changes with changes in the composition of the liquid phase. Sim- 
larly, variations in the composition of bone salt may be correlated with 
changes in the composition of the serum. There was an almost direct rela- 
tionship between the bone P:C 03 (wa) ratio and the serum PiCOj ratio. 
These relationships become even more evident if the blood composition is 
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considered throughout the experiment. The more extreme the dietary 
Ca : P, the more rapidly the changes in serum composition take place. This 
was shown in the e.\periments of Boelter and Greenberg (21) for low cal- 
citun-high phosphorus diets and iil unpublished experiments in this labo- 
ratory for high calcium-low phosphorus diets. Vitamin D tends to prevent 
these changes by preventing the fall of either serum calcium or inorganic 
phosphorus, ^^tamin D may also have an effect on the operation of the 
local factors” in the bone. Consequently, the comparison of experiments 
in which vitamin D is the only differing feature between two groups is 
open to this limitation. In general, the increased P : COj ratio of the bones 
of the vitamin D-fed group was higher than that e.xpected from the changes 
m the Serum P ; COi ratios alone. These increases, however, were accom- 
panied by higher values of the serum calcium and consequently the Ca X P 
products were also higher. 

The correlation between the composition of serum and of bone was even 
better when only the net increments in composition of the bone (during the 
experimental period) are considered. (The limitations of this method of rea- 
soning were pointed out in the experimental portion of the paper.) There 
was an almost direct relationship between serum P:C 02 and increment in 
bone P : CO 3 (nj) when each series was arranged in the order of its magnitude. 
In addition, there was a direct relationship (nith one doubtful exception) 
between serum Ca:P and bone residual Ca:P (or residual total base to P) 
when each series was arranged in the order of its magnitude. The above 
relationships are similar to that indicated by Logan and Taylor (see 
Table IV (22)) between the composition of calcium phosphate precipitates 
and that of the supernatant fluids. 

An exact quantitative relationship between the composition of blood and 
bone cannot be expressed, since this would involve a knowledge of the 
activities of the bone-forming ions at the site of deposition. Such knowl- 
edge is not yet available. These experiments, however, do indicate that 
the composition of the serum is one of the controlling factors. Another 
factor is one which affects diffusion to the site of deposition which may be 
influenced by vitamin D. The various “local factors” may also be instru- 
mental in changing the composition of the fluid. For example, \'itamin D 
has been shown to influence the conversion of organic to inorganic phos- 
phate in the tissues (15). If this holds true for the bone cell also, then the 
increased P 0 i:C 03 ratio of bone would be over and above that represented 
hy serum values. The presence of enzymatic factors which have been 
shown to play a part in calcification (23-25) must also be considered. Ex- 
periments on calcification in vitro have shown that a minimal Ca X P 
product is required for deposition (26). This minimal Ca X P product was 
lowest in embryonic rabbit bone (27). In rachitic animals, a higher product 
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was necessary for new calcification, and the" more prolonged the ra -hitic 
period, the higher the product required (28). In rickets due to berj'llium 
and strontium the required product is much higher (29, 30). The experi- 
ments -with strontium rickets indicated a reversible injury to a “local 
factor,” enzymatic in nature, other than phosphatase. The more recent 
experiments of Gutman et al. (25) indicate that the enzyme system for 
“phosphorylative glycolysis” is important in the calcification of bone 
cartilage. 

From this discussion, it is evident that the “local factors” must be con- 
sidered in lime salt deposition. “Local factors” in themselves operate 
■svithin the limits prescribed by the physicochemical factors. In each case, 
a minimal Ca X P product is required and the composition of the bone is a 
reflection of the composition of the serum. This is dramatically brought 
out in the bones of Group C, which had the empirical composition of 
[Ca3(P04)2]2.o(CaHP04)i.6 • CaCOj. Precipitates of such composition were 
obtained by Logan and Taylor (22) from high phosphate-low calcium solu- 
tions. The usual blood composition does not have a sufficiently high phos- 
phorus concentration with respect to the calcium concentration for the 
formation of such precipitates. With the extremely high phosphorus-low 
calcium diet (Diet C), however, high inorganic phosphorus and low calcium 
levels in the serum are rapidly obtained and maintained. There was no 
decrease in the carbonate content of these bones because the absolute 
amount of carbonate was actually higher than at the beginning of the 
experimental period. An examination of the data of Boelter and Green- 
berg (21) shows bones ivith similar composition following calcium-deficient 
diets. 

The importance of CaHPO^ in bone has been emphasized in discussions 
on the phj'sicochemical mechanism of bone salt deposition. Wendt and 
Clarke (31) were the first to suggest that CaHP 04 is a step in the formation 
of tertiary calcium phosphate. Shear and Kramer (6) then suggested that 
this ivas the first step in the formation of bone salts. They found serum 
to be just saturated or slightly undersaturated with respect to CaHP04 
(7, 8). Calcification is not obtained either in vivo or in vitro when the ion 
product [Ca++] X [HP04“] is markedly beloiv the solubility product of 
CaHP04 (7). Logan and Taylor (22), in a study of the course of precipi- 
tation of calcium phosphates, found that after the initial mixing there was 
some CaHP04 present in the precipitate. On prolonged equilibration, the 
composition of the precipitate underwent a change. In solutions con- 
taining excess calcium, the CaHP 04 disappeared, apparently being replaced 
by Ca3(P04)! and Ca(OH)!. In solutions containing an axcep of phos- 
phate, some of the CaHP04 remained after prolonged equilibration. They 
concluded that CaHP 04 is the first aggregate formed in the deposition o 
bone salt. This first solid removed calcium ivhen in contact with solutions 
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containing excess calcium to form Ca 3 (P 04 )i. In the presence of a solution 
containing excess phosphate, phosphate is lost to the solution from the 
precipitate ■with the formation of Ca3(PO<)». Calcium, carbonate, and 
hydroxji ion may be removed from solution even when their concentrations 
are such that the ion products [Ca++](C03“] and [Ca++][OH-]2 are less 
than the solubility products of CaC03 and Ca(OH)2. “The composition 
of the precipitates after long equilibration depends on the composition of the 
liquid phase” (22). 

The main arguments against the CaHPOi theory are summarized by 
Huggins ( 17 ). In the early calcification *in healing rickets, Kramer and 
Shear ( 5 ) found not a low bone residual Ca:P ratio but a high value, indi- 
cating the presence of Ca(OH)j. This argument may be answered by 
pointing out that the serum PiCOj ratio is low in rickets due to a high 
calcium-low phosphorus diet, thus accounting for the deposition noted. It 
is seen in our experiments that on such diets, even in the presence of vita- 
min D, there is a relatively low serum phosphorus and an excess of base in 
the bone over that required by the formula Ca3(P04)2. Had similar 
observations been made on high phosphorus-low calcium rickets, entirely 
different results might have been obtained. Another argument advancfed 
against the acid phosphate theory is that CaHP04 has never been demon- 
strated by x-ray methods of analysis. Small amounts of this compound 
would not be revealed by the techniques hitherto employed. If CaHP04 
was present at the surface of the crystal, it would not be revealed, according 
to Walden and Cohen ( 32 ). If the CaHP04 were part of the apatite 
lattice (of the general structure Ca3(P04)2-CaX, in which part of X is 
HPO4*'), x-rays would again not reveal its presence in bone. Chemical 
analysis, however, would empirically show the existence of CaHP 04 as such 
in bone. Hitherto, such chemical proof has not been presented, even 
though evidence was already present in the bones of the experimental rats 
of Boelter and Greenberg (21), who did not recognize this fact and whose 
analyses were limited to calcium and phosphorus only. In our experi- 
ments, bones ■with the average inorganic composition of [Ca 3 (P 04 ):] 3 .o- 
(CaHP04)i.6-CaC03 were obtained. Whether CaHP 04 is present in our 
bone salts as an independent crystal we are not prepared to state, but we 
hope to undertake such a study, using x-ray analysis. The third criticism 
of the acid phosphate theory was raised by Morgulis and Janecek ( 4 ); 
namely, that any CaHP04 present would be converted to pyrophosphate on 
incineration and would have to be reconverted by acid hydrolysis. No 
such pyrophosphate was found by the above authors. It would be inter- 
esting to see whether the bones of Group C give pj'rophosphates under such 

conditions. 

Recently, Greenwald, Redish, and Kibrick ( 33 ) presented e\ddence for 
the existence of undissociated CaHP 04 in solution. They calculate that 
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the value of the dissociation constant of CaHP04 indicates that in plasma 
at pH 7.35 and li ~ 0.152, containing 1 mM of phosphate and 1.25 dim of 
calcium not combined ivith protein, approximately 0.055 mM of CaHPO* 
is present in solution. In subsequent work, Greenwald (34) concurs with 
Shear and Kramer (6-8) and Logan and Taylor (22) that, if the solubility 
product of CaHP04 is exceeded, the immediate precipitate appears to be 
CaHP04. He found that it is only later that the composition of the pre- 
cipitate may change to approximate that of Ca3(P04)j. 

The work of Shear and Kramer (6-8), Logan and Taylor (22), and Green- 
wald (34) has been cited to show the increasing consideration which is 
being given to the role of CaHP04 in calcification. Our data do not enable 
us to choose between these proposed mechanisms of calcification. Our 
wmrk, however, senses to eliminate one of the major criticisms of one of 
these theories of calcification and supports this approach by indicating the 
probable existence of CaHP04 in bone under certain conditions. By 
simultaneous study of blood and bone composition, it has been posable to 
show that the final composition of bone does depend on that of the liquid 
phase in contact with it. The case for regarding the phenomenon of calcifi- 
cation as a physicochemical process has been strengthened and i uother step 
tow’ards clarification of the mechanism involved has been made. 

Once again, in another manner, has the importance of dietary calcium 
and phosphorus been shown. The composition of bone is related to serum 
PiCOs ratios, Ca:P ratios, and Ca X P products. These ratios and 
products, in turn, are influenced by the dietary calcium to phosphoras 
ratios and absolute levels, modified by dietary vitamin D (35-37). 


SUMMART 


1. The composition of bone as represented by the formula CaCOj- 
n[Ca3(P04)i] (in which some of the calcium present may be replaced by 
other bases) showed an excess of base over that required by this formula 
in six out of seven of the experimental groups of rats examined. The bone 
residual total base to P ratio ranged from 1.52 to 1.57 and the bone residual 
Ca:P ratio ranged from 1.48 to 1.52 (theoretical bone residual total base 


to P ratio = 1.50). 

2., The presence of excess phosphate over that required by the above 
formula for bone composition was demonstrated in one of our experimente 
groups, indicating an empirical composition of [(CaHPO4)i.6(Cas(P04):)j' 
CaCOs]. The bone residual total base to P ratio was 1.36 and the residua 
Ca to P ratio was 1.33. 

3. n as measured by the P04:C03 ratio in the bone appears to he co 
lated to the serum inorganic P:COi ratios, n ranged from 1-86 to 
the various experimental groups. 
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4. It has been shovra again that the composition of the diet is reflected 
in the blood serum and that the composition of the bone is related to that 
of the serum. 

5. The significance of these findings in the mechanism of the deposition 
of bone salt has been discussed. 
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FURTHER STUDIES ON FACTORS THAT AFFECT 
XANTHURENIC ACID EXCRETION* 

By E. C. MILLER and C. A. BAUMANN 

(From the Department of Bioehemistry, College of Agriculture, 

University of Wisconsin, Madison) 

(Received for publication, April 2, 1945) 

Previous reports have shown that rats (1) and mice (2) deficient in 
pyridoxine excrete xanthurenic acid in the urine when fed diets containing 
tryptophane. In this paper data are presented on the excretion of adminis- 
tered xanthurenic acid by normal and pyridoxine-deficient animals. 
Studies are also included on the relative effectiveness of pyridoxal and 
pyridoxamine in promoting growth and in preventing the excretion of xan- 
thurenic acid. 

Methods 

Rats and mice were kept in screen bottom cages in groups of two and four 
respectively. Food and water were given ad libitum, and the animals were 
weighed at weekly intervals. Fresh diets were mixed for each series and 
stored at 5°. The diets for the mice contained 10 or 45 per cent of purified 
casein,* 2 per cent of com oil (Mazola), 4 per cent of Wesson’s salt mixture 
(3), and glucose^ to 100 per cent. The com oil contained 0.1 per cent of 
halibut liver oil, and the following vitamins were added to each gm. of diet. 
3.3 y of thiamine hydrochloride, 10.0 y of nicotinic acid, 13.3 y of calcium 
pantothenate, 6.6 y of riboflavin, 333 y of inositol, 200 y of p-aminobenzoic 
acid, 166 y of choline chloride, and 0 to 10 t of pyridoxine hydrochloride. 
For the experiments with rats the diets contained 10 or 45 per cent of puri- 
fied casein, 5 per cent of com oil, 4 per cent of Wesson’s salt mixture, and 
glucose to 100 per cent. To each gm. of diet were added 3 7 of nicotmic 
acid, 3 7 of thiamine hydrochloride, 13.2 7 of calcium pantothenate, 4-5 7 0 
riboflavin, 1 mg. of choline chloride, and 0 to 10 7 of pyridoxine hydro- 
chloride. Each rat received 1 drop of halibut liver oil per week. In certam 
experiments pyridoxal, pyridoxamine, or the lactone of 2-methj -3 

• Published with the approval of the Director of the Wisconsin Agricultural Er 
Periment Station. Supported in part by the Wisconsin Alumni Research Foundati d 
and the Jonathan Bowman Fund for Cancer Research. 

^ Crude casein extracted for 5 days with several changes of tap water, and > i • 
extracted with two changes of ethyl alcohol for 4 days at 50 . 

* Cerelose, a pure commercial gluccse monohydrale. 

® The terms pyridoxine and pyridoxine hydrochloride arc used in ere lanoCa , 
e-nd all values arc expressed as the hydiochloridc. 
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hydroxy-4-hydroxymethyl-5-carboxypyridme was substituted for pyridox- 
ine bydrocbloride.'* In other experiments rats or mice were fed or injected 
with xantburenic acid‘ (m.p. 281-284°, uncorrected). This compound 
was synthesized accordmg to Musajo and Minchilli (4). 

The excreta of groups of four mice or of individual rats were collected 
and analyzed for xanthurenic acid in the following manner. The urine 
was collected under a small amount of benzene for 24 hour periods, and the 
funnels were washed with 5 to 10 cc. of 0.1 per cent NaHCOs at the end of 
each period. In most cases each 24 hour sample was analyzed separately, 
but in some studies pooled samples of 3 to 6 days urine were used. The 
feces were collected every 24 hours; usually the analyses were made on 3 to 
6 day fecal samples from a single rat or 24 hour samples from eight mice. 
All samples were stored at 5°, and the urine samples were analyzed as de- 
scribed previously (2). The feces were extracted in a mortar ivith 2 per 
cent NaHCOj; three extractions of 5 cc. each were used for feces containing 
normal amounts of chromogen. Feces containing large amounts of xan- 
thurenic acid were extracted with 10 cc. portions imtil the extract was no 
longer green (usually 25 to 50 cc.). The combined extracts were centri- 
fuged, and the residue from feces containing xanthurenic acid was reex- 
tracted. The combined supernatant solutions were acidified to pH 2.5 ± 
0.5, the volume was recorded, and the solution was filtered immediately 
through qualitative paper. 2 cc. of the filtrate were then extracted in the 
same manner as urine samples. In the studies on the excretion of adminis- 
tered xanthurenic acid or tiyptophane the chromogen was calculated as mi- 
crograms of xanthurenic acid excreted per 24 hours in either the feces or 
urine. In the studies on the activity of certain compounds related to py- 
ridoxine the chromogen was expressed as micrograms of xanthurenic acid 


excreted in the urine per gm. of food consumed. 

The question is still open whether all of the chromogen measured by the 
techniques employed (extraction from acid with ether-alcohol and color 
development with FeCh in alcohol solution) was xanthurenic acid. Aan- 
thurenic acid has been isolated from the urine of pyridoxine-defieient rats 


fed high levels of casein (1), and concentrates of the chromogen from mouse 
urine appeared to be identical in stability, solubility, and optical properties 
to synthetic xanthurenic acid (2). However, even when large amounts of 


< We are grateful to Dr. E. E. Snell of the University of Texas for the pyridoxal an 
pyridoxamine. These compounds are the free bases, so that on a molar basis 0. 7 

of pyridoxal or pyridoxamine is equivalent to 0.75 y of pyridoxine hydrochlon • 

The lactone of 2-methyl-3-hydroxy-4-hydroxymethyl-5-carboxypyridine was 

to Mr T. D. Luckey and Dr. C. A. Elvehjem by Dr. Karl Folkers of Merck an 
pany, Inc. We are indebted to Mr. H. E. Sauberlich for aid in the preparation oi 
xanthurenic acid used in these experiments. 
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pyridoxine were fed to either rats or mice, a small amount of chromogen was 
still excreted. The quantity excreted in the urine varied with the casein 
and ti^Titophane content of the diet and ranged from 30 to 150 y per rat or 
mouse per day. The feces contained 2 to 15 7 per mouse or 10 to 30 7 per 
rat per day. Since the composition of these fractions is uncertain, these 
ranges are considered as normal for the purposes of the present discussion, 
and only larger amounts of chromogen are considered to be xanthurenic 
acid. 


Results 

Excretion of Administered Xanthurenic Add — ^Musajo and Chiancone (5) 
isolated xanthurenic acid from the urine of animals fed diets high in tryp- 
tophane. Lepkovsky, Roboz, and Haagen-Smit (1) showed that pyridox- 
ine-deficient rats receiving diets high in tryptophane excreted xanthurenic 
acid, while the addition of pyridoxine to the diet prevented the excretion. 
Miller and Baumann (2) observed that 10 to 20 per cent of the tiyptophane 
ingested by pyridoxine-deficient mice was excreted in the urine as xanthu- 
renic acid. The deficient mice survived for longer periods on diets of low 
casein content than on diets high in casein. However, only a part of this 
effect could be attributed to the tryptophane content of the casein. If 
xanthurenic acid were toxic to mice, the shorter period of survival on diets 
high in tryptophane might be due in part to the formation of this compound 
in vivo. Accordingly, a study has been made of the growth and xanthu- 
renic acid excretion of mice fed diets containing xanthurenic acid. The 
xanthurenic acid excreted by rats was also determined after feeding or 
injecting single doses. 

Weanling albino mice were depleted of pyridoxine on a diet containing 10 
per cent of casein and no pyridoxine for 10 to 14 days. Groups of four were 
then fed 10 per cent casein diets containing 0 or 10 7 of pyridoxine hydro- 
chloride per gm. of diet, with or without xanthurenic acid. In the^ first 
series 0.5 mg. of xanthurenic acid was added to each gm. of diet, for pyndox- 
ine-deficient mice have been observed to excrete approximately 0.5 mg. of 
the acid per gm. of diets containing 30 to 60 per cent of casein (2). The 
results are indicated in Table I. During an 11 day period 13 to 24 per cent 
(average 17 per cent) of the ingested xanthurenic acid was excreted in the 
urine by the mice receiving no pyridoxine, while 14 to 22 per cent (average 
19 per cent) was excreted by those receiving 10 7 of pyridoxine per gm.^ 0 
diet. The mice receiving xanthurenic acid grew as weU as those conmimng 
the same diets without xanthurenic acid. Similar results were obtaine in 
a second series when 3 mg. of xanthurenic acid per gm. of diet were fed for 3 
days. No differences in growth or survival were observed, and the e 
cient mice excreted 17 to 20 per cent (average 18 per cent) of the ingested 
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xanthurenic acid in the urine. Those receiving 10 y of pyridoxine per gm. 
of diet excreted 12 to 17 per cent (average 13 per cent) (Table I). Thus, 
the percentage of ingested xanthurenic acid excreted in the urine by mice 
did not appear to be influenced significantly by the pyridoxine content of 
the diet. 

Apparently, however, the xanthurenic acid was not completely absorbed. 
About 10 per cent of the ingested xanthurenic acid could be recovered from 
the feces, while no appreciable amount of chromogen (equivalent to 2 to 15 
7 of xanthurenic acid per day) was present in the feces of mice fed 45 per 
cent casein diets with either 0 or 10 7 of pyridoxine per gm. The quantity 

Table I 

Urinary Excrclion of Xanthurenic Acid by Mice Given Xanthurenic Acid in Diet* 


Expressed as the raicrograms of xanthurenic acid consumed or excreted per mouse 
per 24 hours. 


Pyridoxine fed 

Days on diet 

Control 
froup; 1 

xanthurenic 
acid excreted , 

Group fed xanthurenic acid 

Per cent of 
ingested 
xanthuremc 
acid excreted 

Xanthuremc 

acid consumed 


Xanthurenic 
acid excreted 
above 
control 

y per iiiel 


7 

y 

y 



0 

2 

65 

1,650 

306 


15 


7 

162 

1,850 

467 


17 

10 

2 

35 

1,940 

392 


18 


7 

63 

1,825 

423 

360 

20 

0 

2 

74 

6,080 

1175 

1101 

18 


16 

350 

1 8,610 

1780 

1430 

17 

10 

2 

28 

8,700 

1078 

1050 

12 


16 

1 

55 

11,050 

1438 

1383 

13 


* The data for the first four readings were obtained with one series of mice; the 
data for the last four readings, with a second series. 


of xanthurenic acid excreted per day in the urine after the ingestion of 3 
mg. of xanthurenic acid per gm. of diet was equivalent to that excreted on 
45 to 60 per cent casein diets (2), and it is probable that similar amounts 
were present in the tissues rmder the two conditions. Yet the mice receiv- 
ing 3 mg. of the acid per gm. of diet showed no harmful effects over a 31 day 
period, while similar mice on a 45 per cent casein diet without pyridoxine 
died in 10 to 20 days (Table IV and (2)). 

Reid, Lepkovsky, Bonner, and Tatum (6) made qualitative tests 0 “ ^ ® 
urine of rats given single doses of xanthurenic acid. They reported t a 
the .xanthurenic acid passed through the pyridoxine-deficient rats un- 
changed, but could not be recovered from the urine of rats fed pjTidoxm ■ 
Since the present data with mice are not in harmony with this conclusi , 
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studies have also been carried out with rats. Weanling rats were fed a 45 
per cent casein diet containing no pyridoxinc for at least 3 weeks, when the 
P3'rido\ine deficiency was established bj' an excretion of at least 1200 7 of 
xanthurenie acid per daj'. Thej' were then fed a 10 per cent casein diet 
containing no pyridoxinc for the duration of the experiment, and the 
amount of xanthurenic acid excreted on this diet was determined before 
each test dose was given. After 12 to 20 hours of fasting, 20 mg. of 
xanthurenic acid in 0.5 gm. of gIuco.se were offered to each rat. When the 
supplement had been consumed or after 1 hour, the rats were placed in 
individual metabolism cages and the xanthurenic acid excretion was detei- 
mined for periods of 3 to 7 daj’S. Other weanling rats were fed a 10 per cent 
casein diet containing 10 7 of pj'ridoxine per gm. and single doses of xanthu- 
renic acid in the same manner. Under these conditions 11 to 30 per cent of 
the xanthurenic acid ingested (12 to 20 mg.) was excreted in the 
ivithin 1 week by both pyridoxine-deficient and pj'ridoxine-fed rats. 0 
this 60 to 80 per cent was excreted in the first 2 days, and no more than 14 
per cent was excreted in the last 4 days. However, rats, like mice, appeare 
to absorb xanthurenic acid poorly. 5 to 25 per cent of the dose was excrete 
in the feces, and the combined fecal and urinary excretion was 20 to 4 per 
cent. When 20 mg. of 1-tryptophane were fed in this manner to pyndoxme- 
deficient rats, about 15 per cent was excreted in the urine as xanthurenic aci 
and only normal amounts of chromogen were found in the feces. ^ ^ 

Other rats treated in the same manner, but not fasted, wcie injec 
intraperitoneally with 14.3 mg. of xanthurenic acid in 1 cc. o per cen 
NaHCO,. 50 per cent (44 to 54) of the xanthurenic acid ^yas ^xcreted in 
the urine by the deficient rats in the following 24 hours, while t e la s e 

pyridoxine excreted 58 per cent (50 to 02) (Table II). inore an per 

cent of the dose was excreted in the second 24 hour period, an t e 
was nearly normal by the 3rd day. 0 to 4 per cent was foun m e ece . 
When 14.3 mg. of 1-tiyptophane were injected intrapentoneally into t e 
same rats 1 week later, those deficient in pyridoxine excrete 0 
cent of the dose as xanthurenic acid during the first 24 ® a _ 3 

receiving pyridoxine excreted only 0.5 to 1 per cent (Ta ® • 

days the total urinary excretion was 12 to 16 per cent for t e e ci 

and about 1 per cent for those fed pyridoxine. .„„4.v„A,-oTA;r- 

Thus, both rats and mice excreted a part of adimnis re x 
acid in the urine, and in all cases tlie state of pyrido^e nu 'I Tivri- 
animals had no effect on the amount excreted. On t e o ^ er , 
doxine-deficient animals excreted 10 to 20 per cent o a mmis er ' . ^ 
Phane (2) as xanthurenic acid, while simdar animals fed 
no more than 1 per cent. These facts suggest that xanthu 
not be a normal metabolite of tryptophane for either species. 
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those receiving adequate pyridoxine should have been able to metabolize 
the administered xanthurenic acid more effectively than the deficient ani- 
mals. The amount excreted would then have approached that found after 
feeding tryptophane ndth adequate pyridoxine. It would seem therefore 
that one function of pyridoxine is to regulate the metabolism of tryptophane 
by a route that prevents the formation of appreciable amounts of xanthu- 
renic acid. Further, xanthurenic acid was found in the feces only after 
feeding the compound itself, and not after feeding either high casein diets 
or single doses of tryptophane. It appears, therefore, that the xanthurenic 

Table II 


Urinary Excretion of Xanthurenic Acid by Rats Injected Intraperitoncally with 
Xanthurenic Acid or l-Tryptophane 


Rat No. 

Pyridoxine 

fed 

Xanthu* 
rente acid 
injected 

Tryptophane 

injected 

Xanthurenic acid excreted 

Basal 

period 

Following 

injection 

Excess above 
basal 

Per cent 
of dose* 


y ter em. 

y 

y 

y 

y 

— 


1 

0 

14,300 


142 

7780 


53 

2 

0 

14,300 


247 

8000 


54 

3 

10 

14,300 


39 

7180 

kIh 

SO 

4 

10 

14,300 


65 

8900 

8835 

62 

1 

0 



80 

1490 

1410 

10 

2 

0 



200 

1950 

1750 

12 

3 

10 


14,300 

110 

238 

128 

1 

4 

10 



100 

183 

83 

<1 


* These figures are for the first 24 hours after injection. Approximately 2 per cent 
more of the injected xanthurenic acid was excreted by each of the rats in the follow- 
ing 24 hours ; 2 to 4 per cent more of the injected tryptophane was excreted as xan- 
thurenic acid in the subsequent 48 hours by the pyridoxine-deficient rats, but no 
more was excreted by the control rats. 


acid is formed from the tryptophane principally in the animal body rather 
than in the intestinal tract. 

Relative Activity of Pyridoxal, Pyridoxamine, Pyridoxine, and Lactone of 
5-Carboxy pyridoxine — ^Pyridoxal and pyridoxamine have been synthesized 
by Harris, Heyl, and Folkers (7) and may occur in natural products (8). 
These compounds have been reported to be much more active than pyridox- 
ine for certain microorganisms (9) and to have equal or greater activity for 
rats (9). Pyridoxal is necessary for the tyrosine decarboxylase activity o 
Streptococcus faecalis R (10), and may be of importance in transamination 
(11, 12). The substitution of pyridoxamine or pyridoxal for pyridoi^e m 
the media of Lactobacillus cased or Lactobacillus delbrUchii permits ma^u™ 
grovrth in the absence of lysine, threonine, and alanine, although these 
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amino acids arc ncccssarj* for appreciable growth when p 3 ’ridoxine is used 
(13). We have extended these comparative studies by testing tlie activity 
of pj’ridoxal and pj’ridoxamine for mice and rats, with growth and the level 
of xanthurenic acid excretion as criteria of vitamin potenej'. 

Weanling albino mice were depleted of pj'ridoxinc on a 10 per cent casein 
diet for 14 daj's, and then fed 45 per cent casein diets containing the follow- 


Table III 

Xanlhvrenic Acid Excretion and Grotrih of Mice Fed Diets Containing IfB Per Cent of 
Casein with Pyridoxine Hydrochloride, Pyridoxal, or Pyridoxaminc (Four 

Mice Per Group) 


Supplanent 


None 

0.75 t 
pyridoxine 
hydro- 
chloride 

0 61 T 

pyridoxal* 

0 61 y 
pyridoxfl- 
mine 

J.O T. 

pyridoxine 

hydro- 

chloride 

2.44 r , 

pyridoxal 


2.44 r 

pyridoia- 

miiic 


Xanthurenic acid excreted in urine per gm. diet conBumed 



y 

y 

y 

y 

y 

Basal periodf 

117 

145 

73 

133 

92 

4th day 

mm 

710 

638 

289 

83 

llth 


507 

305 



17th " 


528 



45 

24th » 

m 

1000 



45 


y 

100 

158 

137 

56 

27 


90 

331 

369 

131 

78 


Average weight 



im. 

tm. 

tm. 


1st day 

9.5 

9.3 

9.7 


7th ■■ .. . 

8.3 

8.6 

8.9 


17th “ .. 


8.6 


■■ 

31st “ 


9.2 


■ 

Survival in dayfl.. 

12-16 

>31 

13-17 

6-IC 


sm. 

9.7 

10.9 

12.9 
16.4 

>31 


jm. 

9.7 

10.1 

13.2 

14.5 


>31 


{PI. 

9.4 

9.5 
10.4 
12.1 


>31 


un a molar basis 0.61 y of pyridoxal or pyrido.xamin hydrochloride, 

pyridoxine hydrochloride; 2.44 y are equivalent to 3.0 y o p basal 

t The figures for the basal period were obtained on t e ^ nvridoxine. 

period during which the mice received 10 per cent of casei 

mg supplements per gm. : no supplement, 0.75 74°I^o^"pyridoxainine. 
chlonde, 0.61 or 2.44 y of pyridoxal, or 0.61 o ^ quan- 

Thus the three compounds were fed at two leva s m eq xanthurenic 

tifa. While 3 r of pyrido».e Ko" 

acid excretion close to the normal range in 4 ^ pyiido.xamine 

vdth an equivalent quantity of pyridoxal an ^ slower rate 

(Table III). The mice receiving 2.44 y the growth rates 

than those receiving pyridoxine for 1 week, a 
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ivere nearly equal. However, the mice receiving 2.44 y of pyridoxamirie 
grew poorly throughout the experiment. By the 17th day the mice receiv- 
ing 3 7 of pyridoxine hydrochloride had gained 3.2 gm., while those receiving 
equivalent amounts of pyridoxal or pyridoxamine had gamed 3.5 and 1.0 
gm., respectively. When the lower levels of these compounds were fed, the 
difference was largel3'’ one of survival. The mice receiving no pyrido.xine 
died in 14 days (12 to 16), and those receiving 0.75 y of pyridoxine hydro- 
chloride survived for the duration of the experiment (31 days). On the 
other hand, the mice receiving 0.61 y of pyridoxal or pyridoxamine died in 
15 days (13 to 17) and 9 days (6 to 10), respectivelJ^ The comparative 
e.xcretion of xanthurenic acid by these mice was not considered significant, 
since such values tend to bo lower and more variable for a few days before 
death. 

This experiment was repeated with mice that had been depleted for only 
10 days. In the second series the xanthurenic acid excretion of the mice 
receiving the high levels of pyridoxal or pyridoxamine fell to the normal 
range after 12 days of administration, while only 2 days were required for 
mice receiving equivalent pyridoxine. Though the mice receiving 2.44 y 
of pj'-ridoxal or pyrido.vamine gained only slowly for the first few days, by 
the 12th day their gain (3.2 gm.) equaled that of the pyridoxine-fed mice. 
Of the mice receiving the lower levels of these compounds the most xan- 
thurenic acid was excreted by those on pyridoxamine and the least by those 
supplemented with pyridoxine. After 19 days all of the mice receiving no 
supplement were dead, while one of the four mice on the low level of pyri- 
doxamine had died. At this time the mice receiving 0.75 y of pyridoxine 
hydrochloride had gained 3.8 gm., while those receiving pyridoxal or pyri- 
doxamine had lost 1.1 and 0.8 gm., respectively. Thus, as determined both 
by their ability to promote growth and to prevent the excretion of xanthu- 
renic acid on diets high in casein, pyridoxamine and pyridoxal appear to be 
less active for mice than pyridoxine. 

Since no data were available on the stability of these compounds m 
rations stored at 5°, we analyzed the diets for their pyridoxine actmty. 

5 gm. of each diet were extracted at room temperature once with 100 cc. 
and twice with 30 cc. of 0.05 n HCl. The extracts were filtered, and the 
residue washed twice with 15 cc. of the acid. The combined extracts and 
washings were then neutralized to pH 4.7, filtered, adjusted to pH 5.2, and 
diluted to contain 15 millimicrograms of pyridoxine hydrochloride or its 
equivalent per cc. The samples were analyzed by the growth of Sac- 
charomyces carlshergmsis according to Atkin e£ al. (14), except that the 
medium and samples were sterilized separately. Standard solutions o 
P5mdoxal arid pyridoxamine showed activities equal (0.95 to 1.05 times as 
active) to that of pyridoxine. 2 months after mixing, 94 to 100 per cent of 
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the supplements was still present (Table IV). Accordingly, the effects 
obsen'ed could not have been due to the destruction of the vitamins in the 
diets. 

In contrast to the lower activities of pj’'ridoxal and pyridoxamine for 
mice, Snell and Rannefeld (9) have reported that on a weight basis pyri- 
doxal was 1.2 times as active for white rats as pyridoxine hydrochloride, 
while pyridoxamine was 1.6 times as active. On a molar basis their ratios 
would be 1 : 1 : 1.3 for pyridoxine, pyridoxal, and pyridoxamine, respectively. 
Under conditions similar to those used for the experiments with mice, these 
compounds also appeared to be less active for rats than pyridoxine. Wean- 
ling female Sprague-Dawley rats were depleted for 2 weeks on a 45 per cent 


Table IV 

Stability of Pyridoxal, Pyridoxamine, and Pyridoxine Hydroehloride in Synthetie Diels 

(£ Ufonths Storage at 5°) 


Supplement added to diet 


Quantity found by analysis* 

Compound 

Amount 

Expressed as 
pyridoxine 
hydrochloride 

Expressed as 
pyridoxine 
hydrochloride 

Per cent 
recovery 


y per gm. 

0.75 

y ptr im. 

0.75 

y per im. 

0.75 

100 

Pyridoxal 

0.61 

0.75 

0.73 

97 

Pyridoxamine 

0.61 

0.75 

0.72 

96 

Pyridoxine hydrochloride 

3.00 

3.00 

2.80 

94 

pyridoxal 

2.44 

3.00 

2.80 

94 

Pyridoxamine 

2.44 

3.00 

2.90 

97 


* Determined by the growth of Saeeharomyees earlsbergensis according to Atkin 
ef oi. (14). Pyridoxal, pyridoxamine, and pyridoxine hydrochloride were found to 
have equal activity on a molar basis. 


casein diet. Groups of four were then fed 45 per cent casein diets contain- 
ing either no supplement, 0.5 y of pyridoxine hydrochloride, 0.41 y of pyri- 
doxal, or 0.41 y of pyridoxamine per gm. (molar equivalents). Over a 4 
Week period the average gains per week were 2, 8, 5, and 6 gm. for the basal 
group and those supplemented with pyridoxine, pyridoxal, or pyridoxamine, 
respectively. VTien this experiment tvas repeated with 0.63 y of pyridoxine 
hydrochloride and 0.51 y of pyridoxal or pyridoxamine per gm. of diet, the 
average weekly gains were 3, 13, 8, and 9 gm., respectively. The supple- 
ments were fed at these levels, since Conger and Elvehjem (15) have shown 
that the growth of rats previously depleted of pyridoxine was approximately 
a linear function of the administered pyridoxine at levels of 2 to 6 7 per day. 

It is not clear why Snell and Rannefeld (9) found pjTidoxal and pyridox- 
amine to have activity equal to or greater than pyridoxine for rats, while our 







182 


XANTHtJRENIC ACID EXCHETION 


data indicate that they £ire less active; however, differences in procedure 
might be responsible. Snell and Rannefeld (9) fed male rats a basal diet 
(15) containing 18 per cent of casein, and the daily supplement was ad- 
ministered as a single dose. We fed a diet containing 45 per cent of casein, 
and the supplements were added to the diets in equimolar concentrations. 
Only female rats were used. It is possible that pyridoxal or pyridoxamine 
might be oxidized more readily than pyridoxine to 4-pyridoxic acid in the 
body. This compound has been isolated from urine after the ingestion of 
pyridoxine (16), and it is inactive for rats (9). 

Since the lactone of 2-methyl-3-hydroxy-4-hydroxymethyl-5-carboxy- 
pyridine has been reported to have antianemic properties for chicks (17) 
and is related structurally to pyridoxine, we tested the activity of this com- 
pound for pyridoxine-deficient mice. Weanling mice depleted of pyridox- 
ine for 8 days on the 10 per cent casein diet were fed 45 per cent casein 
diets containing either no supplement, 0.75, or 3.0 y of pyridoxine hydro- 
chloride, or 2.4 or 8.0 y of the lactone per gm. of diet. On a molar basis these 
amounts of lactone are equivalent to 3 and 10 y of pyridoxine hydrochloride. 
The mice receiving no pyridoxine died in 9 days, while those receiving 0.75 
or 3.0 7 of pyridoxine hydrochloride all survived for the duration of the 
experiment (21 days) . The mice receiving the low level of the lactone lived 
for only 1 1 days, while those receiving the high level all survived for at least 
18 days. By the 15th day the mice receiving 8.0 y of the lactone had lost 
2 gm., while those receiving 0.75 or 3.0 y of pyridoxine hydrochloride had 
gained 1.0 and 3.7 gm., respectively. As judged by survival, the lactone 
appeared to have slight pyridoxine activity. However, it is also possible 
that small amounts of pyridoxine formed during the preparation of the 
lactone (18) might have been present in the sample used. 

summary 

1. Mice fed 0.5 or 3.0 mg. of xanthurenic acid per gm. of diet excreted 
about 16 per cent of the acid in the urine. Rats fed single doses (12 to 20 
mg.) excreted 10 to 30 per cent in the urine in 3 to 7 days, while those in- 
jected intraperitoneally excreted 50 to 58 per cent of the acid within 24 
hours. The percentage of the doses that could be recovered was essentially 
the same whether pyridoxine was administered or not. 

2. After the intraperitoneal injection of i-tryptophane, pyridoxine- 
deficient rats excreted 12 to 16 per cent as xanthurenic acid m the urine, 
while only 1 per cent was excreted by rats receiving pyridoxine in the diet. 

3. Mice fed xanthurenic acid in the diet excreted about 10 per cent of t e 
compound in the feces; rats fed single doses excreted 5 to 25 per cent in t e 
feces. No increased fecal excretion was observed after feeding diets mg 
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in casein to pyridoxine-dcficient or control rats and mice, or after feeding 
single doses of tcj^ptophane .to pyridoxine-deficient rats. 

4. The consumption of 3 mg. of xanthurenic acid per gm. of diet for 31 
days^ had no effect on the growth or survival of control or pyridoxine- 
deficient mice, although these mice excreted as much xanthurenic acid in 
the urine as did deficient mice on 45 per cent casein diets. 

5. As judged by both growth and excretion of xanthurenic acid, pyridoxa- 
mine and pyridoxal were less active for mice than pyridoxine. By growth 
tests these compounds also appeared to be less active for rats. A sample of 
the lactone of 2-methyl-3-hydroxy-4-hydroxymethyl-5-carboxjrpyTidine 
had only slight activity for mice. 
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THE COLORIMETRIC DETERMINATION OF ARGININE IN 
PROTEIN HYDROLYSATES AND HUMAN URINE* 
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(From the Department of Pediatrics, The Johns Hopkins University and the Harriet 
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(Received for publication, March 12, 1945) 

The colorimetric estimation of arginine as described by Sakaguchi (1) 
is based on the unstable red color produced by the addition of a-naphthol 
and 0.3 n sodium hypochlorite to an alkaline solution of the amino acid. 
In 1930 Weber (2) and subsequently other investigators (3-7) reported 
that greater color stability could be attained by the substitution of 0.3 N 
sodium hypobromite for the hypochlorite, by providing for the destruction 
of excess hypohalite by the addition of urea and carrying out the test at 
4®. A careful study of the various modifications of the original Sakaguchi 
reaction led us to the finding that the difficulties arising from the use of 
sodium hypochlorite are not due to any particular property of the reagent 
as suggested by Weber but are rather a fault of the concentration recom- 
mended by Sakaguchi. In our experiments we have found that the use 
of 0.06 N sodium hypochlorite in conjunction irith urea results in a color 
stability greater than that obtainable with 0.3 N or 0.06 N sodium hypo- 
bromite. Our studies have further shown that the use of hypochlorite 
affords the folloiving technical advantages: (a) it permits the performance 
of the test at room temperatures (20-25°) without detectable loss of color 
stability or intensity, (6) it obviates some of the troublesome adjustment 
of reagent quantities to the nitrogen content or composition of the sample 
so necessary with hypobromite, and (c) it yields relatively low reagent 
blank readings. 

The method developed on the basis of these experiments has been ap- 
plied to a number of proteins and has been found to 3 deld results which 
are in fair accord with those obtained by other investigators. In an at- 
tempt to apply the procedure to urine the interference arising from other 
chromogens and the possible presence of glycocyamine and methylg^ani- 
dine had to be considered and indicated the use of permutit for the separa- 
tion of arginine from the sample (8), However, our inability to elute the 

* The work described in this report was supported by grants from the Rockefeller 
Foundation and the Nutrition Foundation, Inc. Partial support was also derived 
Under a contract, recommended by the Committee on Medical Research, between the 
Office of Scientific Research and Development and The Johns Hopkins Universit}'. 

t Present address. Children’s Medical Service, Bellevue Hospital, New York. 
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adsorbed arginine quantitatively from the permutit by the use of various 
reagents, in the limited quantities permitted by the test conditions, led 
to the adoption of the device of estimating urinary arginine as the difference 
of the red color values of an aliquot treated -ivith permutit and one not so 
treated. This scheme circumvented all of the apparent difficulties except 
the one contingent on the possible presence of methylguanidine, which 
seems to be unavoidable. The adequacy of this procedure for analytical 
purposes was demonstrated by recovery tests. The analyses of 24 hour 
specimens of thirty-seven normal adult males (60 to 100 kilos) on normal 
diets have shown the daily arginine output to fall between 50 and 150 mg., 
which represents but 1 to 2 per cent of the total amino N. However, 
chemical as well as feeding tests failed to permit of an estimation of the 
amount of monomethylguanidine which is included in this urinary arginine 
measurement. 


EXPERIMENTAL 

Reagents — 

Sodium hypochlorite. A 0.06 N solution was prepared as needed from 
the commercially available Clorox. The necessary dilution of the stock 
product was ascertained iodometrically as follows: To 1 cc. of Clorox in 
a 125 cc. Erlenmeyer flask are added 25 cc. of chlorine-free water in which 
has been dissolved 1 gm. of KI. The mixture was then titrated with 0.1 N 
sodium thiosulfate, 1 cc. of starch indicator being used. The stock product 
has been found to be fairly stable for 3 to 4 months if kept in the refrigerator 
in a brown bottle. 

Sodium hydroxide, 10 per cent solution. 

Urea, 20 per cent solution. 

Permutit. A 60 mesh product was used and was activated as described 
by Whitehorn (8). 

a-Naphthol. 100 mg. of the resublimed product are dissolved in 100 cc. 
of 95 per cent ethanol. The solution is kept in a brown bottle and stored 
in the refrigerator. 

Arginine standard. 12.05 mg. of l(-l-)-arginine hydrochloride, Merck 
(26.6 per cent N found), are w'eighed accurately and dissolved in 100 cc. 
of water. 1 cc. of this solution is equivalent to 100 y of the free base. 
This solution is stored in the refrigerator. 

Analytical Procedure 

Hydrolysates were prepared by refluxing ’5.0 gm. samples of the 
with 25 cc. of constant boiling (6 n) hydrochloric acid for 24 hours. 1 e 
total nitrogen content of the hydrolysate is determined directly 
Kjeldahl analysis (9); the excess of acid is then removed by concentra i 
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in vacuo and the humin separated by filtration. Sulfuric acid digests are 
prepared bj' refluxing 5.0 gm. of protein wth 25 cc. of 25 per cent (by 
weight) sulfuric acid (6 n) for 24 hours and removing the acid as calcium 
sulfate. These amounts of protein are of course far in excess of the 0.5 
to 1.0 mg. of hydrolysate nitrogen actually required for the arginine 
determination. 

Aliquots of these hydrolysates not greater than 5 cc. in volume and con- 
taining 100 to 400 7 of arginine are measimed into 10 cc. graduated Klett- 
Summerson photoelectric colorimeter tubes. If necessary, the volume of 
the sample is adjusted to 5 cc.; 1 cc. of 10 per cent NaOH and 1 cc. of a- 
naphthol reagent are then added with mixing. After 5 minutes, 1 cc. of 
sodium hypochlorite is added, followed exactly 1 minute later by the addi- 
tion of 2 cc. of 20 per cent urea solution. The resulting solutions are 
thoroughly mixed by inverting the tubes and read in the Klett-Summerson 
colorimeter nith Filter S-54. The color intensity of the reaction mixture 
has been found to remain constant for more than 15 minutes, so that there 
is no need to hasten the color measurement. A parallel determination is 
also done on an aliquot of the standard containing an amount of arginine 
comparable to that of the unknown. 

Urine — 24 hour specimens are collected in brown bottles containing 
50 cc. of 15 per cent HCl (by volume) and 1 cc. of 10 per cent alcoholic 
thymol and are made to a uniform volume of 2 liters before the removal 
of the samples for the determination. The arginine content of the speci- 
mens was found not to change after a storage of 10 days at room tempera- 
ture. 

In order to overcome the interference from glycocj'amine and the in- 
tense yellow coloration which forms on treating urine vith the reagents 
required for the arginine determination, urinary arginine was estimated 
as the difference in color intensity obtained by performing the test on ali- 
quots of the urine sample before and after treatment with permutit. This 
scheme was adopted after numerous experiments showed that not more 
than 50 per cent of the arginine adsorbed on permutit could be recovered 
by the use of the limited quantities of 3 per cent NaCl (7), 25 per cent KCl 
(8), or 10 per cent NaOH (10) permitted by the conditions of the test. 
On the basis of these experiments the following procedure was developed 
which has proved convenient for routine purpose and is capable of highly 
reproducible results. 20 to 25 cc. of urine (pH 5 to 6) are passed at the 
rate of 1 drop per second through a column of 10 gm. of activated permutit 
contained in a 150 X 15 mm. calcium chloride tube plugged with coarse 
glass wool and fitted with a short piece of rubber tubing and pinch-cock to 
regulate the flow. 5 cc. of this filtrate and 5 cc. of the original urine sample 
are each transferred to 10 cc. graduated colorimeter tubes and treated as 
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already described for proteins. The difference in the readings of such a 
pair of tests represents the arginine content of 5 cc. of urine. 

Calculations — 

A = colorimetric reading of protein sample 

C = “ “ 5 cc. urine sample 

■P = “ “ “ 5 “ permutit filtrate 

P = “ “ " arginine standard 

C = " '' " reagent blank 

4' = 4 — C, corrected colorimetric reading of protein sample 

U' = V — C, “ “ <1 « urine sample 

P' — P — C, " “ “ “ permutit Mtrate 

S' = B — C, " “ " “ arginine standard 

Then for proteins, mg. of arginine in sample = {A'/B') X mg. of arginine 
in standard; for urine, mg. of arginine in 24 hour specimen = ((U' — P')/ 
B') X mg. of arginine in standard (total volume of 24 hour specimen)/5. 

Results 

In order to ascertain the analytical efficacy of the modifications made in 
the conditions of the original Sakaguchi reaction suitable aliquots of the 
arginine standard were submitted to the procedure previouslj outlined 
for protein hydrolysates. The linear relationship of the color intensity 
to the amount of arginine which appears to exist (Fig. 1) is intei preted as 
evidence of the adequacy of the modifications and of the validity of Beer’s 
law for the color reaction. This relationship was observed to prevail 
ivithout appreciable deviation over the range 6-26°, but became erratic 
above this temperature. 

The results of experiments designed to test the relative stability of colors 
obtained by the use of different concentrations of hypochlorite and hypo- 
bromite are shown in Fig. 2. The relatively high color stability and low 
reagent blank readings obtained with 0.06 n NaOCl clearly recommend the 
employment of this reagent in the quantitative application of the Saka- 
guchi reaction. Loss of color stability and high reagent blank readings 
resulted when (a) 0.01 n instead of 0.06 N sodium hypochlorite was used, 
or (b) the urea reagent was added to the reaction mixture before 0.06 N 
sodium hypochlorite (6), or (c) the urea addition was omitted. 

The effect of variation in nitrogen content and composition of the sample 
on the arginine color value was also tested and the relevant data are shown 
in Fig. 3. It is evident from these experiments that the use of dilute 
hypochlorite eliminates to a large extent the adjustments of reagent quan- 
tities to the sample characteristics which seem so necessary when 0.3 N 
sodium hypochlorite (1) and 0.3 N sodium hypobromite (5) are employed. 

It is to be noted, however, that a marked drop in the normal colorimeter 
readings of the arginine standard (0.20 mg.) was sustained when it was 
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tested in the presence of 10-fold quantities of histidine and ammonium sul- 
fate, a condition which is seldom attained in biological products. 



Fig. 1. Relation of color intensity to amount of arginine. Each area represents 
the average value and average deviation of ten or more determinations performed at 
20-25°. 



Fig. 2. Effect of varying the concentration of sodium hypochlorite or hypobromite 
on the color intensity and stability of the Sakaguchi reaction. 0.21 mg. of arginine 
contained in 5 cc. of water was used in each test. The reactions were all performed 
at 23°, with 1 cc. of 10 per cent NaOH, 1 cc. of 0.1 per cent or-naphthol in 95 per cent 
ethanol, 1 cc. of hypohalite reagent, and 2 cc. of 20 per cent urea solution, making a 
final volume of 10 cc. 

The applicability of the modified reaction to the estimation of arginine 
in protein hydrolysate and the urine was further assayed by meaas of 
recovery teste (Table I). The quantitative recovery of arginine added to 
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different amounts of hydrolysate nitrogen supplements the evidence pre- 
sented below as to the relative lack of sensitivity of the modified reaction 
in respect to variations in the quantity and quality of the sample nitrogen. 

The Tesults of the analyses of some protein hydrolysates are ^ven in 
Table II. Most of the anal5^es were performed on hydrolysates prepared 
vuth hydrochloric acid. Commercially available proteins, casein, lactal- 
faumin, gelatin, and cattle fibrin were used without further refinement of 
the products. However, the moisture and ash contents of these products 
were determined and the analytical results corrected for these impurities. 
Human hemoglobin was derived from red blood cells by the procedure of 
Zinoffsky (1 1) . A pancreatic digest of casein containing 32.3 per cent of the 
total K as free amino N was submitted to the analysis wthout further hy- 
drolysis. Attention is called to the remarkably slight differences in arginine 



MILLIGRAMS NITROGEN IN SAMPLE 

Fig. 3. Effect ot differences of sample nitrogen on the arginine N to total N rela- 
tionship of various proteins. These determinations were all performed as described 
in the text. 

values found for the variously prepared casein digests. Also, the values 
obtained for casein, fibrin, and gelatin compare favorably ivith those pre- 
viously reported by one of us (12) as well as by others (Table III). 

Althou^ the quantitative recovery of arginine added to urine (Table I)* 
points to adequacy of the procedure for the determination of arginine in 
the urine, it was considered advisable to secure evidence for the specificitj’ 
of the reaction from e.vcretion tests. To this end fasting normal subjects 
were fed 2.10 gm. (0,01 m) of lf-)')-arginine + HCl 2 hours after breakfast 
and given 240 cc. of water at zero hour and 120 cc. more at the end of each 
of the next 4 hours to maintain a uniform flow of urine for the experimental 
period. The urine was collected hourly for 5 hours and analyzed imme" 
diately for arginine, creatine, and creatinine (16) and for urea (17). From 
the typical data shown in Fig. 4 it is apparent that the major portion o 
the ingested arginine is excreted as urea and produces only a slight eleva- 
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Table I 


Recovery of Arginine Added to Protein Hydrolysates and Urine 


Biological product 

Total N 

Arginine added 

Arginine 

1 content 

Recovery of 
added arginine 


mg. 

y 

y 

per cent 

Casein, Harris (HCl digest) 

0.660 


169 



0.660 

103 

273 

100.5 


0.330 


84 



0.330 

103 

186 

99.0 

Gelatin, U. S. P. (HCl digest) 

0.543 


262 



0.543 

103 

365 

100.0 


0.271 


131 



0.271 

103 

232 

98.0 

5 cc. Urine A 

0.345 


45 



0.345 , 

27 

73 

101.0 


Table II 

Arginine Content of Hydrolysates of Some Biological Substances 


Biological product 

Hydrolyring 

agent 

Uncor- 

rected 

N content 

Moisture 

content 

Ash 

content 

Corrected 

N 

Arginine 
N of 
total N 



per cent 

per cent 

per cent 

per cent 

per cent 

Casein, Harris 

HCl 

13.62 

6.80 

0.38 

14.63 

7.93 

Lactalbumin, Harris. . . . 


11.70 

7.00 

1.92 

12.71 

6.00 

Gelatin, U. S. P 

ii 

14.30 

12.10 

0.42 

16.09 

11.82 

Cattle fibrin, Wilson 

it 

15.10 

4.03 

0.21 

15.70 

13.95 

Casein, Sheffield 

H,SO, 

12.50 




7.70 

ii it 

Pancreatin* 

12.50 




7.74 

Human hemoglobin 

HCl 

13.96 




7.70 


* Kindly supplied by the Takamine Laboratory, Inc. 


Table III 

Comparison of Results of Arginine Analyses of Proteins by Modified Sakaguchi 
Reaction and Other Methods 


Investigators 

Method 

Arginine N in per cent of total N 

Gelatin 

1 Cattle fibrin 

1 Casein 

Present 

Colorimetric 



■iH 

Albanese (12).. 

Electrolytic 

11.62 


mmm 

Van Slyke (13) 

Van Slyke 

14.70 

13.2-14.3 

msM 

Hunter and Dauphinee (14) 

Arginase 

15.68 

14.31 

7.95 

Vickery (15) 

Diflavianate 

15.30 

14.80 

7.70 


tion in the arginine output and no rise in the creatine and creatinine levels 
(18). The evidence derived from these experiments suggests that our test 
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is a measure of arginine, but tire possibility that it may also include or be 
due to methylguanidine must be borne in mind and rvill be discussed later. 

Results of the arginine analysis of 24 hour urine specimens of seven 
normal adult males on normal diets are given in Table IV. The amino 



Fig. 4. Urinary output of arginine and other metabolites of a fasting subject, A, 
male, after administration of 0.01 mole (2.1 gm.) of f(+)-arginine + HCI. The solid 
lines indicate excretion after ingestion of arginine and the broken lines normal urinary 
output. 


Table IV 


Relation of Arginine Excretion to Total N and Amino N Output in Normal 

Adult Male 


Subject 

Body weight 

Total N 

Amino N 

Arginine 

Arginine amino 
N of amino N 


kg. 

gm. 

mg. 

mg. 

per cent 

Br 

103.0 

19.4 

596 

60 

0.87 

Vo 

94.0 

17.4 

696 

60 

0.69 

Ba 

74.4 

15.8 

459 

108 

1.94 

Yo 

81. G 

10.8 

392 

68 

1.39 

So 

90.1 

14.3 

493 

72 

1.17 

Me 

80.7 

15.5 

408 

36 

0.71 

Sh 

68.0 

13.8 

459 

70 

1.23 


N (19) and total N (9) contents of these specimens were also determined and 
it appears from these data that arginine amino N constitutes from 1 to 2 
per cent of the total amino N. These values are representative of those 
obtained from the study of thirty other normal adult males. It is sig- 
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nificant that the arginine output of eight subjects wliose urine was examined 
for 60 consecutive days was found to exhibit considerable individual di- 
urnal variation. 


Comments 

The experiments reported here indicate that the use of 0.06 n NaOCl in- 
stead of 0.3 N NaOBr in the Weber modification of the Sakaguchi reaction 
results in greater color stability and intensity. The greater accuracy and 
convenience of operation which arise from these factors and the findings 
that our modification of the reaction can be performed at room tempera- 
tures without the careful adjustment of reagent quantities employed ac- 
cording to the concentration of arginine in the sample recommend the 
method for studies requiring numerous arginine determinations in proteins 
or urines. 

In considering the significance of the urinary arginine measurement it 
must be borne in mind that of the ten guanidine derivatives shoAvn by 
Poller (20) to react positively in the Sakaguchi test only three, arginine 
(21), glycocyamine (22), and monomethylguanidine (23), are definitely 
known to occur in human urine. Inasmuch as glycocyamine is not ad- 
sorbed by permutit (7), a positive test in the urine by any procedure based 
on the Sakaguchi reaction would indicate the presence of either arginine or 
monomethylguanidine or both. The similarity of these two compounds in 
this and other chemical characteristics makes their separation most difficult 
even by isolation techniques. Although our feeding experiments show that 
some dietary arginine may be excreted as such, they do not preclude the 
possibility that the measurement does not include some methylguanidine 
which might be derived metabolically from the ingested arginine. At- 
tempts in this experiment to estimate by the arginase reaction (14) what 
proportion of the urinarj'^ arginine as measured by the Sakaguchi test was 
really arginine failed o\ving to technical difficulties. In this connection, 
however, it is important to note that Mueller (24) was able to isolate appre- 
ciable quantities of arginine from the urine of rabbits fed unusually large 
amounts of arginine carbonate. 

The effect of the ingestion of racemic arginine jnonohydrochloride on 
the output of arginine and other metabolites is under investigation. 

SUMMARY 

It has been found that the substitution of 0.06 n sodium hypochlorite 
for 0.3 N sodium hypobromite in the Weber modification of the Sakaguchi 
reaction affords greater convenience of operation and accuracy of the de- 
termination of arginine in protein hydrolysates and human urine. The 
argimne values for protein hydrol 3 ^ates obtained by this method are com- 
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pared with those secured by other techniques. The ruinary analyses of 
24 hour specimens from thirty-seven normal adult males indicate that 50 
to 150 mg. of arginine are excreted daily. The possibility that a portion 
or all of this measurement may be due to the presence of methylguamdine 
is discussed. 

“We vish to thank hliss ^^rginia Irby for some determinations performed 
in coimection with this work. 

BIBL10GR.APHT 

1. Sakaguchi, S., J. Biochein., Japan, 5, 133 (1925). 

J 2. Weber, C. J., J. Biol. Chem., 86, 217 (1930). 

3. Jorpes, E., and Thoren, S., Biochem. J., 26, 1504 (1932). 

4. Thomas, L. E., Ingalls, J. K., and Luck, J. M., J. Biol. Chem., 129, 263 (1939). 

5. Brand, E., and Kassell, B., J. Biol. Chan., 146, 359 (1942). 

6. Macpherson, H. T., Biochem. J., 36, 59 (1942). 

7. DubnoEF, J.W., J. Biol. CAcm., 141, 711 (1941). Dubnoff, J.W.,andBorsook,H., 

J. Biol. Chem., 138, 381 (1941). 

8. Whitehorn, J. C., J. Biol. Chem., 66, 751 (1923). 

9. Meeker, E. W., and Wagner, E. C., Jnd. and Eng. Chem., Anal. Ed., 5, 396 (1933). 

10. Folin, 0., J. Biol. Chem., 61, 377, 393 (1922). 

11. Zinoffsky, C., Z. physiol. Chem., 10, 16 (1886). 

12. Albanese, A. A., J. Biol. Chem., 134, 467 (1940). 

13. Van Slyke, D. D., J. Biol. Chem., 10, 15 (1911-12); 16, 531 (1913-14). 

14. Hunter, A., and Dauphinee, J. A., J. Biol. Chem., 86, 627 (1929-30). 

15. Vickery, H. B., J. Biol. Chem., 132, 325 (1940). 

16. Albanese, A. A., and Wangerin, D. M., Science, 100, 2586 (1944). 

17. Barker, S. B., J. Biol. Chem., 162, 453 (1944). 

18. Hj'de, E. C., and Rose, W. C., J. Biol. Chem., 84, 535 (1929). 

19. .Mbanese, A. A., and Irby, V., J. Biol. Chem., 163, 583 (1944). 

20. Poller, K., Ber. chem. Ges., 69, 1927 (1926). 

21. Wohlgemuth, J., Z. physiol. Chem., 44, 74 (1904). 

22. Weber, C. J., Proc. Soc. Exp. Biol, and Med., 32, 172 (1934); Proc. Am. Soc. Biol. 

Chem., J. Biol. Chem., 109, p. xcvi (1935) ; 114, p. cvii (1936). Ackermann, P., 
Z. physiol. Chem., 239, 231 (1936). Borsook, H., Dubnoff, J. W., Lilly, J. C., 
and Marriott, AV., J. Biol. Chem., 138, 405 (1941). 

23. Achelis, W., Z. physiol. Chem., 60, 19 (1907). Kutscher, F., and Lohmann, A., 

Z. physio!. Chem., 49, 81 (1906). Engeland,R., Z. physiol. Chem., 67, 49 (1908). 
Wada, S., Acta schol. mod. tiniv. imp. Kioto, 13, 187 (1930). 

24. Mueller, H., Z. BioVi, 83, 239 (1925). 



INTERACTION BETR^EEN PROTEINS AND SYNTHETIC 
DETERGENTS 

II. ELECTROPHORETIC ANALYSIS OF SERUM ALBUMIN-SODIUM 
DODECYL SULFATE MIXTURES* 

Bt frank \V. PUTNAM and HANS NEURATH 

{From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 

(Received for publication, March 21, 1945) 

Many biological reactions depend on interaction between proteins or 
between proteins and other ionizable organic compounds of high or low 
molecular weight. Characteristic examples of protein-protein interaction 
are found in certain antigen-antibody reactions, in the combination of 
enzymes with protein substrates, and in the serum protein system. Com- 
plex formation of proteins wth protamines or ivith nucleic acids exemplifies 
combination with other high molecular weight compounds, while conju- 
gation with acidic or basic prosthetic groups as in the respiratory, lipo-, 
and glycoproteins represents the reaction ivith lower molecular weight 
substances. Moreover, recent work indicates that certain ionizable 
bacteriostatic agents, such as penicillin (2) and the sulfonamides (3), 
as well as ionic bactericides, such as the synthetic detergents (1, 4-6), 
combine with the plasma proteins. 

While most cases of complex formation with proteins may be satis- 
factorily explained on the basis of electrostatic attraction between molecules 
of opposite sign of charge, other examples exist in which interaction persists 
in the pH region in which both the protein and the other large organic 
ion are of like sign. The question arises as to what are the forces and 
foci of attraction and what significance should be attached to the union. 

An explanation may be sought in the concept of the relative affinity 
of anions for proteins, first proposed by Steinhardt ei al. (7). Among 
the anions of highest affinity are long chain sulfates and sulfonates which 
have been shown to be both excellent protein precipitants (1) and de- 
naturants (6, 8). The purpose of this investigation has been to study the 
system crystalline horse serum albumin-sodium dodecyl sulfate as a simple 
analogue of both the general phenomena of protein interaction vith ion- 
izable compounds and of protein denaturation. In the first paper of this 

* The first paper of this series described the effect of detergents on the precipita- 
tion of horse serum albumin (1). 

A preliminary account of this work has been given {Federation Proc., 4 (1945), in 
press).' 
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series (1) it was shown that on the acid side of the isoelectric point the 
precipitation of serum albumin was dependent on the mole ratio of deter- 
gent to protein. Subsequent viscosity studies have indicated that de- 
naturation on the basic side of the isoelectric point was likewise dependent 
on this ratio (9). These findings have prompted an electrophoretic inves- 
tigation of the interaction between these two compoimds, the results of 
which are presented herein. The third communication of this series' 
describes an investigation of the molecular kinetic properties of the resulting 
complexes. 

EXPERIMENTAL 

Materials and Methods — The materials used in this investigation were 
five times crystallized horse serum albumin,- containing 0.1 per cent car- 
bohydrate, prepared as previously described (1), and purified sodium 
dodecyl sulfate.’ Stock solutions were prepared by dissolving weighed 
amounts in phosphate-NaCl buffer, pH 6.8 (determined with the glass 
electrode at 25°). The composition of the buffer was 0.025 M NaHjPO^, 
0.025 M NaiiHPOl, and 0.10 M NaCl, ionic strength 0.2. The nitrogen 
content of the protein solutions was ascertained by Kjeldahl analyris. 
The Tiselius electrophoresis apparatus used in this investigation was 
equipped with the Philpot-Svensson optical system and has al’eady been 
described (10). 

The serum albumin was electrophoretically homogeneous in the buffer 
of pH 6.8, both at 1° and 20° (see Experiment 1, Fig. 1, and Experiment 
7, Fig. 2). The dodecyl sulfate migrated irith a single boundary at 20° 
(Experiment 8, Fig. 2) but could not be analyzed at 1° because of its limited 
solubility (about 0.05 per cent). However, in the presence of protem, 
sodium dodecyl sulfate was soluble at 1° at concentrations as high as 
1 per cent, provided the proportion of detergent to protein did not exceed 
about 0.45 to 0.50 gm. of detergent per gm. of serum albumin. If this 
proportion was exceeded, even at lorv absolute detergent concentrations, 
a crystalline precipitate was obtained, which was identified as alkjd 
sulfate. These preliminary experiments defined the concentration range 
suitable for electrophoretic study of complex formation at 1°. 

Electrophoresis at 1° — Protein-detergent mixtures of constant detergen 
concentration (0.30 per cent) and varying protein concentration were 
prepared by mixing the stock solutions and diluting with buffer to a known 

> Manuscript in preparation. ' v i. fnra 

» We are indebted to the Lederle Laboratories, Inc., Pearl River, New lora, 

supply of liorss soruni. . . T\*»Tieinn 

• Obtained through the courtesy of Dr. S. Lenher of the Fine Chemicals i 
of E. I. du Pont de Nemours and Company, Inc., Wilmington, Delaware, 
chenuoal analysis see the preceding paper (1). 
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volume. To insure complete interaction, the solutions were allowed to 
stand overnight at room temperature. Dialysis of the mixtures was 
omitted in order to avert loss of detergent and concomitant changes in 
composition. This expedient was justified since (a) the measured con- 
ductivities of the buffer and the solutions differed bj' less than 1 per cent, 
and (6) the S- and e-boundaries did not exceed the usual order of magnitude 
(c/. Fig. 1). 

Representative electrophoretic diagrams, printed from the original plates, 
are given in Fig. 1. The initial boundar 3 '' is represented bj" the pair of 
vertical lines, and is distinguished on the ascending (left) and descending 
(right) sides, respcctivelj% by the slow moving 5- and t-boundaries (11). 
The arrows indicate the direction of migration. Since all of the photo- 
graphs were taken after electrophoresis for the same length of time (14,400 
seconds) and at essentially the same field strength (4.66 to 4.72 volts per 
cm.), the mobilities of the respective components maj' be compared directly 
by inspection of the distance of migration from the origin. The com- 
ponents, labeled A, 1, 2, and D, were identified by their respective mobil- 
ities, the relative constancj' of which may be ascertained b}' reference to 
Table I. 

Mobilities were determined from the descending pattern at several 
different times of electrophoresis and were found to be cQnstant within the 
e.xperimental error.'' Mobilities calculated from the ascending pattern 
likewise showed satisfactory constancy throughout a given experiment, 
as well as from experiment to experiment. 

Inspection of Fig. 1 reveals several boundaries which, in order of in- 
creasing mobility, correspond to albumin, labeled A, a firet complex, 
1, a second complex, 2, and a trace of material, D, believed to be detergent. 
The relative proportions of the components, as determined b.y planimeter 
measurements of the area from tracings of the enlarged photographs, 
are given in Table I.® Since the specific refractive inde.x increments of 

' Mobilities were calculated in the customary manner from measurements of the 
displacement from the origin of the maximum ordinate of the constituent boundaries. 
For diffuse boundaries, not completely separable by electrophoresis, mobilities were 
determined by measurement of the displacement of curves resolved in the manner of 
Tiselius and Kabat (12). In this investigation no attempt was made to correct mo- 
bilities derived from the ascending pattern for the dilution at the S-boundarj*, nor to 
correct mobilities obtained from the descending pattern for the viscosity' of the 
protein-detergent mixtures. 

^ ' The center of the illuminated boundary lines was used in the measurements of 
areas (private communication by Dr. G. R. Cooper). Overlapping gradients were 
resolved by the method of Tiselius and Rabat (12). Analysis of the area distribution 
of sharp gradients was facilitated by reducing the slit angle from the conventional 
45° used in Fig. 1. We are indebted to Mrs. Jane Sharp for carrying out some of the 
graphical analyses. 



?IG. 1 . Electrophoretic analysis of serum Tab^ I- S'"'® 

[“ For the composition of the mixtures in Expenmen pssentially the same 

experiments were run for the same mobilities of compo- 
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serum albumin and sodium dodecyl sulfate differ (see below), the area 
distribution only approximates the relative weight proportion of the 
components. 

The proportion of the components, and therefore their composition, 
does not change with time of electrophoresis. Area distribution measure- 
ments on the descending side after 4 hours of electrophoresis give the 
same results as after 2 hours. Moreover, the distribution among the 
components is nearly the same on both sides of the cell (Table III). How- 
ever, small differences are evident; i.e., traces of A and H on the descending 


Table I 

Electrophoretic Analysis of Serum Albumin-Sodium Dodecyl Sulfate Mixtures* at 1° 


Erperi- 

Composition 

Relative areaf 

Mobility, KT* sq 

cm. volt"* sec."* 

No. 

Albumin 

Deter- 

gent 

A 

1 

2 

D 

D 

B 

2 

D 


gm. per 
cent 

gm. per 
cent 

per cent 

per cent 

per cent 

per cent 





1 


0 

100 




4.9 




2 

1.98 


26.0 

72.5 


(1.4) 

5.1 

7.5 


(11.8) 

2at 

Eia 

■!Vi9 

26.4 

73.6 



5.2 

7.8 


(12.5) 

3 

1.49 

Rkm 


89.6 



5.3 

7.8 


4 

0.99 

0.30 

(0.6) 

57.5 



(4.9) 

8.1 

9.8 

(13.1) 

5 

0.79 

0.30 

(0.7) 


69.6 

(1.6) 


8.0 

9.9 

■lESH 

6 

0.59 

0.30 







(13.4) 


The values given in parentheses are only appro.ximate, since they approach the 
limit of optical resolving power of the apparatus. 

* All experiments were performed in phosphate-NaCl buffer, y — 0.2, pH 6.8, at 
1° for 4 hours at constant field strength varying from experiment to experiment 
between 4.66 and 4.72 volts per cm. Data calculated from descending pattern after 
2 hours migration. 

t These figures refer to area proportions only and not to weight percentage com- 
position (see the text). 

1 4 hours migration; D boundary migrated out of the visual field. 

side and boundary splitting of complex 1 on the ascending side. It is 
noteworthy that the distribution among components is not a function of 
detergent concentration but merely of detergent to protein ratio (compare 
Experiments 2 and 2a, Table I). 

Eleclrophoresis at 20 ° — Analysis of the electrophoretic data obtained 
at 1° was hindered by the lack of a mobility value for pure sodium dodecj 1 

descending; left, ascending boundary. The figures between the patterns represent 
the experiment numbers. 

Fro. 2. Electrophoretic analysis of serum albumin-sodium dodecyl sulfate mi^ures 
at 20°. For the composition of mixtures in Experiments 7 to 12 see Table II. 

Bures made at different times of migration are superimposed on the same plate. The 
arrows denote the direction of migration; right, descending; left, ascending oun ar> . 
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sulfate and of a factor relating area to weight concentration. It was also 
uncertain whether complexes 1 and 2 had the same composition at room 
temperature, where viscosity and diffusion measurements were made,* as 
at 1°, and whether in higher concentrations than could be obtained at 
1° additional detergent was bound to complex 2. Accordingly, electro- 
phoretic measurements were undertaken at 20°. 

Tiselius’ early experiments shoAV that at 20° heat convection may be 
minimized by reduction in potential gradient and increase in time of electro- 
phoresis and that the maximum allowable heat effect is about 10 X 10"* 
watt per cc. (13). As a test for the absence of convection currents, pure 
serum albumin was exhaustively dialyzed against buffer (pH 6.8) and 
subjected to electrophoresis at 20° for 20 hours at 0.428 volt per cm. 
Calculations show that under these conditions the resulting heat effect 
is below the critical level and but slightly higher than that obtained by 
Tiselius in his work at 20° rvith the thermally relatively inefficient cylin- 
drical cell. 

Photographs were taken successively after 4, 8, 12, and 20 hours, and 
superimposed on the same plate (Experiment 7, Fig. 2). These patterns 
are distinguished by a notable symmetry of the ascending and descending 
boundaries and by the absence of any visible 5- and 6-boimdaries. The 
mobilities on each side and the areas under the individual boundaries 
remained constant with time. The mobility values calculated from the 
ascending and descending patterns were in excellent agreement with each 
other; i.e., 10.02 and 9.86 X 10'® sq. cm. volt~* sec.'*, respectively (un- 
corrected for viscosity). The slight skewness of the boundaries is also 
observable at 1° on prolonged electrophoresis and is probably related to 
the recognized electrophoretic complexity of crystalline horse serum al- 
bumin (14). It follows, therefore, that under the conditions just described, 
thermal convection played no significant part in the electrophoretic ex- 
periments at 20°. 

The electrophoretic pattern of a 1.20 per cent solution of undialyzed 
sodium dodecyl sulfate in phosphate buffer of pH 6.8 is shown in Fig. 2, 
Experiment 8. Here, again, the mobilities remained constant rvith time 
though the ascending boundary migrated faster than the descending one. 
The tendency of the former to become sharper, and of the latter to become 
more diffuse, may be attributed to the enhanced dilution effect at the 
5-boundary as well as to an electrophoretic disturbatice of the micelle- 
molecule equilibrium of the detergent. 

In order to determine whether the composition of complexes 1 and 
was the same at 20° as at 1°, a nuxture of albumin and detergent corre- 
sponding to that used in Experiment 4 (Table I) was studied at 20°. Area 
measurements yielded values of 56 per cent for complex 1 and 44 per cen 
for complex 2, in good agreement with those obtained at 1°. The com 
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ponenta were identified by their mobilities (corrected to 1°).® Since, at 
the same mixing ratio, the component distribution was approximately 
the same atr the two temperatures, their composition must be essentially 
independent of temperature. 

Since at 20° sodium dodecyl sulfate-albumin mixtures were found to 
be soluble at pH 6.8 in all proportions, mixtures were prepared in which the 
detergent to albumin ratio exceeded that corresponding to complex S, mth 
the object of determining the presence and composition of higher complexes. 
In Experiments 10 to 12, the albumin concentration was varied over a 
3-fold range, at a constant detergent concentration of 0.6 per cent. These 
concentrations correspond approximately to detergent-protein ratios of, 
respectively, f , 1, and 2, as compared to the ratio of J for the homogeneous 


Table II 

Electrophoretic Analysis of Scrum Albumin-Sodium Dodecyl Sulfate Mixtures at £0 


Experi- 

ment 

No. 

Compositioa 

Time 

Mobility,! 10'“ sq. on- 

voir* sec." 


Albumin 

Deter- 

gent 

A 

I 

z 

ADi 

D 


gm. per 

gm. per 

u.. 







cent 

cent 







7 

0.72 

0 

4, 8, 12, 20 

5.8 




18.1 

8 

0 

1.20 

2, 4, 6, 8 





9 

0.99 

0.30 

22 


8.0 

9.4 



10 

0.84 

0.60 

4, 8 




10.61 


11 

0.56 

0.60 

4, 8 




11.81 


12 

0.28 

0.60 

12 




13.01 

17.0 


* All experiments were performed in phosphate-NaCl buffer, n 
at 20°, at constant field strength varying from experiment to experiment between 
0.403 and 0.434 volt per cm. Data for descending boundary only, 
t Mobilities corrected to 1° (see the te.xt). 
t Calculated from the displacement of the maximum ordinate. 

complex 2 at 1° (Experiment 6). While Experiments 10 and 11 yielded 
single boundaries, close inspection of the forward edge of the escen mg 
pattern reveals a skevTiess which approaches a definite s^ara ion in 
Experiment 12. Moreover, the calculated mobility of t e comp ex 
(Table II) increases linearly with the proportion of detergent in t e mix me. 
The mobility of the faster migrating boundary in Experiment 12 approac es 
that of pure detergent. 


‘ In order to facilitate comparison of the experiments at t e wo i e , , 

tures, mobilities at 20° were converted to 1° by a factor ( 0 . 59 ), accoun ® 

the viscosity difference of the solvent (water). This factor was appro, 
to the ratio of the conductivities of the buffer at the two temperatures (0.61) 1 is 

correction is approximate, because it does not take pWect on 

coefficients of the dissociation constants of the protein and the u e 
the micelle-molecule equilibrium of the detergent. 
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In Experiment 12, electrophoresis was definitely anomalous in regard 
to asymmetry of patterns on the two sides of the cell. While a precise 
value could not he assigned to the mobility on the ascending side, the 
approximate value is intermediate between that exhibited by the slower 
moving complex and the faster moving detergent on the ascending side. 

Composition of Complexes — The dependence of the precipitability, 
viscosity, and electrophoresis of protein-detergent mixtures on the weight 
ratio of the two substances, rather than on their absolute concentrations, 
suggests the formation of stoichiometric complexes of discrete composition. 
To test this hypothesis, an attempt was made to calculate the composition 
of the electrophoretic complexes by the method of Longsworth and Mac- 
Innes (15). It was realized, however, that the presence of four possible 
components in this system rendered such calculations hazardous. 

Component composition was calculated in the follmving manner. Arbi- 
trary factors relating weight concentration to area units were obtained for 
pure serum albumin and sodium dodecyl sulfate at 20° by planimetric 
integration of the tracings of the enlarged electrophoretic diagrams. These 
factors depend on the specific refractive index increments of the substances 
in solution and on apparatus and planimeter constants. 'Ihe factors 
obtained were, for albumin, K'X = 5.56 X 10”®, and for detergent, An = 
10.65 X 10”®. The products of these arbitrary constants and of the 
respective specific refractive index increments measured in the phosphate 
buffer ivith an Abbe refractometer were in good agreement; i.e., 1.16 and 
1.23 X 10”®. 

In the same manner, a constant was calculated for pure serum albumin 
at 1°, Ka = 5.64 X 10~®. With this factor, the concentration of free 
albumin in mixtures of albumin and complex 1 was calculated from its 
area after correction for the 5 dilution effect. The result is given on 
Line 8 of Table III. This amount was subtracted from the total albumin 
concentration, yielding the amount of albumin combined (Line 9, Table 
III). It was assumed that all detergent present was combined, the trace 
of unknown component D being neglected. The ratio of these two valura 
gives the composition of complex 1 in gm. of detergent per gm. of albumin 
(Line 10, Table III). The values obtained for Experiments 2 and 3 are, 
respectively, 0.21 and 0.22. It is of interest that, if the difference m 
refractive index increments of the components be neglected, the composition 
of complex 1 in the tivo experiments is calculated to be 0.22 and 0. 
gm. of detergent per gm. of albumin. Accordingly, 0.22 gm. of detergen 
per gm. of albumin was accepted as a fair estimate of the composition 

of complex!. . .nme 

An estimate of the composition of complex 2 was made in tn 
manner. However, it was first necessary to calculate the arbitrary ar 
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constant of complex 1 from the areas and concentrations g^ven in Table 
III (Xj = 7.2 X 10“’). Now, with the assumption that in mixtures of 
1 and 2 the composition of complex 1 remained constant, the composition 
of complex 2 was calculated by difference. For Experiments 4 and 5, 
the values of 0.44 and 0.45 gm. of detergent per gm. of albumin were 
obtained. In order to calculate a value from Experiment 6, it had to 
be assumed that the refractive index increment of pure detergent was the 
same at 1° as at 20°, and that component D represented pure detergent. 
The resulting value was 0.45 gm. of detergent per gm. of albumin. 


Table III 

Reprcsenlalive Calculation of Composition of Serum Albumin-Sodium Dodecyl Sulfate 
Complex from Electrophoretic Measurements at 1° 


1 

Line No 


1 Experiment 1 1 

Experiment 2 

Experiment 3 

1 





Descending, 
2 hrs 

Descending, 
4 brs 



ana umis 

ana untts 

ana units 

area untts 

area units | 


1 

A* 

133 2 

138 9 

71 3 

78 2 

22 4 


2 

i 



185 6 

218 5 

201 9 

202 1 

3 

s 







4 

1 ° 




(4 2) 

! (1 o; 

(1.4) 

5 

5 or « 

11 4 

5 6 

63 4 

26.4 

21 6 

1 

19 1 

6 

Total 

144 6 

144 5 

320 3 

327 3 

246 9 

242 7 



|W. 

fW 

gm 

gm 

1 Sm 

gm 

7 

A taken 

0.81 

0 81 

1 98 

1 98 

1 49 

1 49 

8 

" free 

0 81 

0 81 

0.66 

0 48 

0 14 

0 13 

9 

“ combined 

0 

0 

1 42 

1 50 

1 35 

1 36 

10 

D per gm. A 



0 21 

0 20 

0 22 

0 22 

1 


in complex 1 
2 

i 

1 

1 

1 


1 



The values given in parentheses are only appiovimate, sinre they approach the 
limit of optical resolving power of the apparatus. 

and D denote, respectively, albumin, complexes 2 andF, and detergent. 


A test for the constancy of composition of the complexes was based on 
the assumption that the percentage distribution of the areas closely approxi- 
mated the percentage distribution of the concentrations of the individual 
components. The error involved in this assumption was small, since 
(a) mixtures of detergent and albumin gave patterns in which either the 
pair albumin-complex 1 or complex I -complex 2 was present, and (b) 
for each pair the measured refractive index increments of the components 
differed by but 10 per cent. At mbdng ratios intermediate between those 
corresponding to either pure albumin and pure complex 1 , or pure complex 
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1 and pure complex the area distribution between the components was 
found to be a linear function of the mixing ratios (data of Table I). 

Calculations of the composition of the complexes formed at 20° in solu- 
tions ivith detergent to albumin ratios of f, 1, and 2 were hindered by 
increasing skewness of the descending boundary. Since only at the highest 
ratio studied was free detergent observable, it may be assumed that above 
a mixing ratio corresponding to complex S complexes of variable composi- 
tion are formed up to a mixing ratio of about 1. This interpretation is 
supported by the data of Experiment 12 from which the combining ratio 
of the complex, represented by the slower moving boundary, was calculated 
to be 0.28 gm. of detergent per 0.28 gm. of albumin. The skeivness of 
the boundaries observed in these experiments may be ascribed to partial 
dissociation of loosely bound detergent under the influence of the electric 
field. 


DISCUSSION 

Studies of the interaction of proteins and other colloids have revealed 
the phenomenon to be predominant in the pH region in which the particles 
bear opposite net electrical charges. For mixtures of proteins and other 
amphoteric substances (first type) interaction is generally ristricted to the 
interisoelectric region, whereas, for mbctures of proteins and high molecular 
weight anions (second type), complex formation usually occurs only on 
the acid side of the isoelectric point or in the isoelectric range. (The 
analogous case of the interaction between high molecular weight cations 
and proteins is also to be recognized.) It is reasonable to assume that 
where interaction is restricted to the pH region of opposite net chargCi 
the operating forces are electrostatic (interionic), whereas, if interaction 
extends to pH regions at ivhich the reacting components carry net charges 
of like sign, the operation of forces not wholly ionic may be admitted. 

However, as has been pointed out in a discussion of this problem (16), 
a third type of ionic interaction may exist; i.e., “if one component of a 
mixture were protein (amphoteric) while the other were actually or poten 
tially a relatively low molecular weight electrolyte (such as a detergen ], 
ionic interaction could occur in ranges of pH where both components pos 
sessed the same sign of net charge provided there still existed 
groups, on the protein, having a sign of charge opposite to that of t e ne 

charge.” . . 

Several systems exemplifying each of these three types of interac 
have been studied electrophoretically; e.p., the fomation ^ g 

protein complexes in egg white in the interisoelectric region ( rs 
(17)), complex formation between egg albumin and yeast **'^°®*^ jj 
(15) which ceases just above the isoelectric point (second type), an e 
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egg albumin and detergent mixtures on the alkaline side of the isoelectric 
point (third type (5)). 

It should be observed that the formation of stoichiometric complexes, 
the composition of which is independent of pH and absolute concentration, 
proceeds most readily in the third type of interaction. For, it is the only 
case in wMch combination may be postulated to occur between the ion 
and individual charged groups on the protein. Though the net charge 
of the amphoteric protein varies mth pH, there is a vide region in which 
all groups capable of salt-like combination mth a low molecular weight 
ion are fully ionized. The extent of combination, as studied by electro- 
phoresis, depends (a) on the affinity of the anion for the protein, and 
(b) on the degree to which the union resists dissociation under the influence 
of the electric field. Longsworth and Macinnes (15) have discussed the 
manner in which the equilibrium will shift to meet the altered conditions 
produced by electrophoretic separation. 

The electrophoretic behavior of mixtures of serum albumin and sodium 
dodecyl sulfate is characterized by three phenomena: (a) at pH 6.8 not 
one hut two complexes of definite composition are formed, their distribution 
depending on detergent to protein ratio; (6) at 1°, practically all of the 
detergent is combined; (c) the mobility of the components and the per cent 
area distribution are constant with time, and are comparable for the two 
sides of the cell. The symmetry of the ascending and descending patterns, 
with regard to number, displacement, and area distribution of boundaries 
is an indication of the formation of well defined complexes. 

Since an equilibrium exists between detergent in the micellar state 
(molecular weight about 20,000)* and in the unaggregated form (mole- 
cular weight 288.4), binding of single detergent anions nith individual 
reactive protein groups may take place stoichiometrically. The composi- 
tion of complex 1 as determined by electrophoresis at pH 6.8 (f.e., 0.22 
gm. of detergent per gm. of albumin) corresponds to the minimum ratio 
required for complete precipitation of the protein at pH 4.5 (1). Similarly, 
the electrophoretic composition of complex 2 at pH 6.8 (z.e., 0.45 gm. 
of detergent per gm. of albumin) closely approximates the maximum ratio 
producing complete precipitation at pH 4.5. Intermediate mixing ratios 
correspond to the “equivalence zone” of the precipitation curve, and to 
varying distribution of the two complexes obsenmd in electrophoresis. 
In^ the study of the viscosity behavior of protein-detergent mixtures, 
a similar correlation has been noted.* This correspondence of data suggests 
that combination is independent of pH ivithin the range 4.5 to 6.8. Ac- 
cor^ngly, interaction must involve protein groups, presumabl 3 '' cationic, 
which remain fully ionized in this region. 

Recent analytical data of Brand el al. (18) indicate that horse serum 
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albumin (carbohj'drate-free Fraction B) contains 117 basic groups per mole 
(molecular weight 70,000). Of these, 62 or about one-half are strongly basic 
(guanidinium and e-amino) and are positively charged at reactions acid to 
pH 8 (19); of the remainder, thirty-five (a-amino) are practically fully 
ionized at pH G.8, and the rest (twenty imidazole) are about 50 per cent 
ionized. Accordingly, about 110 groups are positively charged at this 
pH. If the composition of complex 2 is taken as 0.45 gm. of detergent 
per gm. of albumin, it may be calculated that this corresponds to the binding 
of 109 moles of sodium dodecyl sulfate per mole of albumin; i.e., each 
positively charged group binds 1 detergent anion. Similarly, the com- 
position of complex 1 (0.22 gm. of detergent per gm. of albumin) corre- 
sponds to the binding of 54 detergent anions; i.e., equivalent to one-half 
the number of positivelj’ charged groups.' 

Steinhardt et al. (7) have alre.ady shown that the anions of many strong 
acids undergo a reversible stoichiometric combination ivith both soluble 
and insoluble proteins. Thus, dodecyl sulfonate and dodecyl sulfate are 
almost quantitativelj’- transferred from the solution to the protein in an 
amount equivalent to the sum of the basic groups of the proteins. The 
relationship of stoichiometric anion combination to the precipitation of 
proteins is also borne out by the observation that, in metaphosphoiic 
acid protein precipitates, the combined metapliosphate is equivalent to 
the number of positively charged groups of the protein (22). 

In a subsequent paper' the structure of the stoichiometric comple.xes 
of serum albumin and sodium dodec 3 d sulfate will be discussed. SufiBce it 
to point out here that the protein groups which combine to form complex 1 
may differ from the remainder in basicit}’’, accessibilitj’’, or structural 
function. It is recognized that the experimental error involved in the 
measurement of electrophoretic component distribution places limits 
upon an accurate determination of the composition of these complexes, 
and that the subsequent designation of complexes 1 and 2 as, respective!), 
ABn and AHin, or ADa and ADm, is a convenient approximation. 

The close correspondence of the number of positively charged proton 
groups vith the number of detergent anions bound per mole is good m 
dication that ionic forces are involved in interaction. It should be points 
out that the apparent additmty of the net charges of detergent and proton, 

’ It is of interest to calculate the number of moles of Nacconol bound 
egg albumin (5) . If the complex is assumed to have a composition of 25 per 
tergent of an average molecular weight of 323, and egg albumin a molecu ar 
45,000, the calculated mole ratio is 46, or approximately 1 mole of detergen or 
of the forty-one cationic groups of egg albumin (20). In this connection i 
noteworthy that surface film measurements (21) indicate the formation ° 
defined complexes of sodium dodecyl sulfate with egg albumin, one con 
moles of detergent per mole, the other one 32 moles. 
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as evidenced by the intermediate mobilities of the complexes, is no proof 
that the ionizable groups of each component are free and that non-polar 
forces are responsible for attraction (23). With the binding of each deter- 
gent anion, the resultant contribution to the net charge is the same whether 
the anion is bound by non-polar forces and the charged group remains 
free, or whether it reacts vdth a single positively charged protein group, 
thereby masking the latter’s charge. 

The present data fail to reveal the exact composition of complexes 
higher than ADuo, or the forces involved in their formation. Although 
at 20° single boundaries have been obtained when the detergent to al- 
bumin ratio was varied within the range of 0.45 (corresponding to complex 
ADm) to 1.0, it appears that in this range some detergent anions are 
loosely hound. This is evidenced (a) by the skewness of the boundaries 
arising upon prolonged electrophoresis, and (b) by the ease-vith which 
detergent may be removed by shifting the equilibrium between free and 
combined detergent by freezing. The evidence for the latter is as follows: 

Two detergent-protein mixtures, corresponding in composition to, 
respectively, ADin (0.84 per cent detergent and 1.86 per cent albumin) 
and ADin (1.67 per cent detergent and 1.86 per cent albumin), were pre- 
pared at room temperature and, after 24 hours standing, were stored at 
0° for 4 days. No precipitation was evident in the former, while a copious 
precipitate formed in the latter. The precipitate, identified as sodium 
dodecyl sulfate, was removed by centrifugation in the cold, and the super- 
natant solution analyzed electrophoretically at 1° in 2-fold dilution. The 
electrophoretic pattern revealed the presence of a major boundary, corre- 
sponding in mobility not to ADin but to AD„, a minor component, similarly 
identified as albumin, and a trace of ADir,. The fact that detergent can 
be removed by freezing from complexes higher than ADin indicates that 
the binding is of a looser type. However, since the resulting component 
is predominantly AH„ rather than ADin, it follows that the phase transition 
of free detergent to the solid form has forced the dissociation of the com- 
plexes. Essentially the same result can be achieved by partial remova 
of detergent by prolonged dialysis. Moreover, complete regeneiation o 
albumin can be accomplished by precipitation of the detergent as its 
barium salt (1). These results indicate that although sodium dodecy 
sulfate has a high affinity for proteins, the complexes are dissociable. 

With regard to the nature of the forces involved in the formation of 
complexes higher than ADin, it is of interest to note that it is in this range 
of detergent to albumin ratios that the precipitate formed in acid solution 
becomes soluble. Moreover, in this range a large increase in mtnnsic 
viscosity of the protein is observed which may be attributed to Profound 
disorientation of the protein molecule. These aspects of the pro em m 
he discussed in a subsequent paper.* 
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Preliminary experiments -with mixtures of serum albumin and pure lower 
homologous alkyl sulfates {i.e., octyl and decyl) are in accord mth Stein- 
hardt’s conclusions -with regard to the dependence of anion affinity on ohain 
length (7) . Thus while both octyl and decyl sulfate were capable of causing 
complete precipitation of the protein at pH 4.5, the effective concentration, 
compared on an equimolar basis, was several times higher than that of the 
dodecyl homologue, uncombined detergent remaining in solution. 
Anomalies resulting from the increased dissociation tendency of the re- 
sulting complexes during electrophoresis precluded quantitative determi- 
nation of component distribution. It is therefore apparent that mixtures 
of homologous detergents do not lend themselves to a study of this type. 

This work was supported by grants from the Rockefeller Foundation, the 
Lederle Laboratories, Inc., and the Duke University Research Council. 
We are indebted to the Division of Experimental Surgery of Duke Univer- 
sity School of Medicine for making available to us the Tiselius apparatus 
used in this investigation. 


SUMMARY 

As a simple analogue to the interaction between proHns and other 
ionized biological compounds, the system crystalline horse serum albumin- 
sodium dodecyl sulfate has been studied electrophoretically. In a phos- 
phate-NaCl buffer, pH 6.8, n — 0.2, two discrete complexes have been 
identified at 1°, while at 20° additional complexes of varying composition 
have been observed. The distribution among the complexes depends 
only on the detergent to protein weight ratio. The Dumber of detergent 
anions bound in the formation of the first two complexes has been found 
to be equivalent to, respectively, one-half and all the cationic protem 
groups. This stoichiometric combination of detergent anions with basic 
protein groups explains the specific precipitation of proteins by anions 
of high affinity. The forces involved in the formation of the first two 
complexes are believed to be ionic. The general phenomenon of protein 
interaction has been discussed in the light of the present findings. 

The higher complexes of variable composition are electrophoretically 
monodisperse up to a detergent to protein ratio of 1, a,t which free deter- 
gent first makes its appearance. The nature of these relatively easily 
dissociable complexes has been considered in relation to the precipiteti®'' 
and viscosity behavior of the protein. 

bibliography 

1. Putnam, F. W., and Neurath, H., /. Am. Chem. Soc., 66, 6S2 (1944). 

2. Chow, B. F., and McKee, C. M., Science, 101, 67 (1945). 



F, W. PUTNAM AND H. NEUHATH 


209 


3. Davis, B. D., J. Clin. Invest., 22, 763 (1943). 

4. Kuhn, R., Bielig, H. J., and Dann, O., Ber. chem. Ges., 73 B, 1080 (1940). 

5. Lundgren, H. P., Elam, D. W., and O’Connell, R. A., J. Biol. Chem., 149, 183 

(1943). 

6. Putnam, P, W., and Neurath, H., J. Biol. Chem., 160, 263 (1943). 

7. Steinhardt, J., Fugitt, D. H., and Harris, M., J. Res. Nat. Bur. Standards, 26, 

293 (1941); 28, 201 (1942), 

8. Anson, L., J. Gen. Physiol., 23, 239 (1939). 

9. Putnam, F. W., and Neurath, H., J. Am. Chem. Soc., 66, 1992 (1944). 

10. Sharp, D. G., Cooper, G. R., and Neurath, H., J. Biol. Chem., 142, 203 (1942). 

11. LongsK-orth, L. G., and Maclnnes, D. A., J. Am. Chem. Soc., 62, 705 (1940). 

12. Tiselius, A., and Kabat, E. A., J. Exp. Med., 69, 119 (1939). 

13. Tiselius, A., Nova acta reg. soc. sc. Upsaliensis, 7, No. 4 (1930). 

14. Sharp, D. G., Cooper, G. R., Erickson, J. O., and Neurath, H., J. Biol. Chem., 

144, 139 (1942). 

15. Longsvorth, L. G., and Maclnnes, D. A., J. Gen. Physiol., 26, 507 (1942). 

16. Schwert, G. W., Putnam, F. IV., and Briggs, D. R., Arch. Biochem., 4, 371 (1944). 

17. Longsworth, L. G., Cannan, R. K., and Maclnnes, D. A., J . Am. Chem. Soc., 62, 

2580 (1940). 

18. Brand, E., KasseJl, B., and Saidel, L. J., J. Clin. Invest., 23, 437 (1944). 

19. Cohn, E. J., and Edsall, J. T., Proteins, amino acids and peptides, American 

Chemical Society monograph series, New York, 445 (1943). 

20. Cannan, R. K., Kibrick, A., and Palmer, A. H., Ann. New York Acad. Sc., 41, 

243 (1941). 

21. Bull, H. B., J. Am. Chem. Soc., 67, 10 (1945). 

22. Perlmann, G. E., J. Biol. Chem., 137, 707 (1941). 

23. Palmer, K. J., J. Phys. Chem., 48, 12 (1944). 




THE SEPARATION OF PURINE NUCLEOSIDES FROM FREE 

PURINES AND THE DETERMINATION OF THE PURINES 
AND RIBOSE IN THESE FRACTIONS 

Bt STANLEY E. KERR and KRIKOR SERAIDARIAN 

{From the Department of Biological Chemistry, American University of Beirut, 
Beirut, Lebanon) 

(Received for publication, March 15, 1945) 

A method was previously described for the estimation of total nucleoside 
and free purine nitrogen in the trichloroacetic acid extracts of blood and 
tissues, after removal of nucleotides by precipitation ■with uranyl acetate 
(1, 2). This procedure gives no indication as to the amount of purine 
present as nucleoside. The further separation of nucleoside from free 
purine and the analysis of each of these fraetions for individual purines 
and for ribose are now described in this paper. 

EXPERIMENTAL 

The free purine bases may be separated from the purine nucleosides by 
precipitation ivith silver nitrate in dilute acid solution. When the solution 
is treated with sufficient excess of NaOH to precipitate a little silver oxide 
(final concentration about 0.002 n), the nucleosides are quantitatively 
precipitated. Nucleotides and free purines, if not previously removed, 
are likewise precipitated by AgNOj in alkaline solution. 

Since this procedure was designed for the analysis of trichloroacetic 
acid extracts of tissues, all of the studies on precipitation by silver nitrate 
have been carried out in the presence of 8 per cent trichloroacetic acid, 
first neutralized and then adjusted to the desired acidity. In each experi- 
ment 5 cc. of an analyzed solution of the compound to be tested were added 
to 20 cc. of neutralized 10 per cent- trichloroacetic acid, the acidity was 
adjusted, and 0.5 cc. of molar AgNOa solution was added. The precipitate 
was separated by centrifugation, washed once, then ashed, and the nitrogen 
content determined by a micro-Kjeldahl procedure (2). 

The effect of varying acidity on the precipitation by AgNOj is reported 
in Table I. In solutions made slightly alkaline with NaOH each of the 
purines and nucleosides tested and myoadenylic acid were completelj 
precipitated. In neutral solution myoadenylic acid and. ^anosine were 
precipitated completely, adenosine only partially. Acidity as low as 
0.016 N acetic acid (0.1 per cent) entirely prevented the precipitation of 
adenosine and inosine, but permitted the precipitation of some mjo- 
adenylic acid. Inosine also precipitated on standing overnight, but not 
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•within an hour. At least 95 per cent of the purine bases, adenine, hypoxan- 
thine, and guanine, -was precipitated at acidities as high as 0.05 n HjSOj. 


Table I 


Prccipiialion of Purines, Nucleosides, and Myoadenylic Acid by Silver Nitrale{0.02S!) 
in Presence of 8 Per Cent Trichloroacetic Acid at Various Acidities 
and in Alkaline Solution 


Purine 

Acidity 

pH 

Time for pptn. 

Purine 

N 

t&ken 

N found 

Recov* 

ery 






mr. 


ferent 

Adenine 

0.002 N NaOH 


45 min. 

0.421 

0.422 

99.2 


0.016 “ acetic 

4.1 

30 

t < 

0.29C 

0.285 

9S.3 


0.02 “H.SOi 

2.0 

30 

1 ( 

0.41S 

0.415 



0.05 “ ” 

1.5 

30 

1 1 

0.41S 

0.397 

95.5 


0.07 “ “ 

1.4 

30 

1 ( 

0.51S 

0.476 

92.6 


0.10 “ “ 

1.2 

30 

( 1 

0.515 

0.472 

91.6 

Hypoxanthine 

0.002 “ NaOH 


15 

t t 

0.518 

0.511 

9S.S 


0.016 ‘ ‘ acetic 

4.1 

30 

1 ( 

0.560 

0.543 



0.04 “H;S04 

1.7 

30 

1 ( 

0.526 

0.510 

EO 


0.07 ” “ 

1.4 

30 

1 ( 

0.526 


95.2 


0.10 “ “ 

1.2 

30 

« t 

0.526 

0.472 

89.8 

Guanine 

0.04 “ “ 

1.7 

30 

{ t 

0.432 

0.420 

97.3 


0.07 “ ■< 

1.4 

30 

1 ( 

0.432 

0.419 

97.0 


0.10 “ “ 

1.2 

30 

1 ( 

0.432 

0.416 

96.2 

Adenosine 

0.002 "NaOH 


12 


0.392 

0.387 

9S.6 


Neutral 


60 

f t 

0.395 

0.261 



0.001 N acetic 


180 

" at0° 

0.395 


2.1 


0.016" " 

4.1 

30 

( ( 

0.395 

None 

0 


0.02 "H.SO. 




1.914 

( C 

0 

Inosine 

0.002 " NaOH 


30 

i t 

0.218 


98.2 


0.016 " acetic 

4.1 

60 

1 ( 

m : 

None 

0 


0.016" " 


18 hrs. 

^ ' 


WSM 

Guanosine 

0.002 " NaOH 


30 min. 

HQ i 




Neutral 


30 

( ( 

Hg \ 

S si 



0.016 N acetic 

4.1 

30 

( { 

Sg 1 

None 

0 


0.02 " HjSO, 

^1 

30 

c c 

^ 1 

tf 

0 

Myoadenj'lic acid 

0.002 " NaOH 


60 

c < 

^ \ 


98.4 


Neutral 


60 

1 1 

j 

0.319 

96.1 


0.016 N acetic 

4.1 

18 hrs. 

^ 1 


9.3 


0.02 " HjSOi 

2.0 

18 

1 

B 

None’! 

— — 


* Silver nitrate produces a slight cloud, but no precipitate. 


Although the nucleosides are not precipitated by AgNOj ■when ^ f 
alone in the presence of 0.016 n acetic acid (pH about 4), some 
occurs at this acidity u'hen they are mixed with free purines.^ sulfuric 
separation is accomplished by increasing the acidity to 0.02 N ■wit 
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slMne and to form some silver o.vide, in order to precipitate the nueleo^ 


Table II 

" Precipitation vnth Silver Nitrate 

Sli w n J-, ^ Supernatant 

^lutdm With Nttrnnp-n m »-» .... 


Compounds mixed 

Purine N Uken 

N in acid silver 


Recovery 



ppt. 

silver ppt. 

Hypoxanthine . . 

ms. 

0.540 


mg. 

0.545 

mg. 

Per cent 

Adenosina . 



101.0 

Hypoxanthine . . 

n 


0.518 

0.386 

95.6 

Adenosine . . 

0.382 

0.S21 


0.392 

98.3 

Hypoxanthine . , 


0.496 

102.5 

Adenosine . 


0.147 

95.5 

Adenine . 



0.405 

100.0 

Adenosine . 



0.393 

97.3 

Adenine . 



0.506* 

102.0 

Adenosine 

0.400 


0.394* 

98.3 

Adenine . . . 



98.7 

Hypoxanthine . . 

Adenosine 

0.516 

} 

0.932 

0.400 

100.0 

Hypoxanthine 
Inosine. . 

0.521] 


0.511 

103.7 

98.3 

Adenine . 



0.580 

0.405 

103.0 

Guanosine. . 

Vi .0X0 1 


0.465 

112.6 

Adenine . 



0.388t 

85.5 

Guanosine 

Vi . Oii^ 1 


0.469t 

99.0 

Guanine. . 



0.423 

104.0 

Adenosine 



0.398 

97.8 

Guanine. 



0.648 

99.5 

Adenosine 

0.437/ 


0.427 

100.1 

97.5 


«VAA i^iccipiiates extracted with cold 0.5 n HCl seven times. 

eparation made by precipitation in presence of 0.05 N instead of 0.02 n H.S0(. 


Md^ after which the two precipitates were examined for their content 
in th results arfi presented, in Table II. The nitrogen found 

alk precipitate was assigned to free purine, and that in the 

Tabl**^! nucleoside, on the basis of the results presented in 

® results indicate a satisfactory separation of purine from 

c eoside except in the mixture of guanosine tvith adenine, in which about 
per cent of the guanosine was precipitated in the acid solution nith 
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adenine. By increasing the concentration of H^SO^ to 0.05 n, a good separ- 
ation was accomplished. 

To make certain that the findings of Table II were not simply fortuitous, 
the ribose content of the two silver precipitates, as ell as that of the nucleo- 
side added to the solution, was determined in a separate series of experi- 
ments The silver precipitates were washed trvice, then extracted uith 
hot 0 5 N HCl, and the ribose in the extracts determined colorimetrically 
as described below. The results (Table III) support the conclusions based 


Tabue hi 


Analyses of Mtxlurcs of Punnes and Nucleosides hy Precipitation mlh Silver Nitrate 
(0 OB 2 r) in Presence of 0 OB a HiSOi, and by NaOH in Supernatant, with 
Determinations of Ribose in HCl Extracts of Two Precipitates 


Compounds mixed 

P.ibose taken 

Ribose found in 
acid Ag ppl 

Ribose found m 
alkaline Ag ppt 

Recoi cry 


mg 

mg 

tng. 

per cent 

Adenosine 

\ 0 880 


0 817 

93 0 

Hypoxan thine 

j 0 

0 020 


2 3 

Adenosine 

t 0 880 


0 833 

94 5 

Hypoxanthine 

/ ° 

0 014 


1 6 

Adenosine . 

\ 0 337 


0 327 

97 0 

Hypoxanthine 

/ 0 

0 010 


3 0 

Guanosine 

\ 1 165 


0 893 

76 6 

Adenine 

f 0 

0 173 


14 9 

Guanosine 

\ 0 970 


0 917 

94 5* 

Adenine 

] 0 

0 085 


8 7* 

Adenosine 

1 0 900 


0 853 

94 7 

Guanine 

1 0 

None 


0 


* Separation made by precipitation in presence of 0 05 n instead of 0 02 n HjSOi 


on the nitrogen content of the silver precipitates that the free punnes, 
but not the nucleosides, are precipitated by the acid silvei reagent, an 
that the nucleosides are completely precipitated when the filtrate is made 
alkaline. _ , 

Procedure for Analysis of Tissue Extracts — The amount of tissue to e 
taken for analysis depends on the expected content of nucleoside and ree 
purine It is desirable to have samples containing about 3 mg of punne 
and nucleoside nitrogen, but this is not feasible with fresh tissues n 
brain, for example, before autolysis the entire nucleoside and free punne 
nitrogen amounts to only 2 mg. per 100 gm (3), though it rises to 
within an hour. In our studies on tissues we have used samples o 
SO gm. of brain (the entire brain of a dog), and about 35 gm. of 
The preparation of the trichloroacetic acid extracts of fresh an a 
lyzed brain (3, 4) and fresh muscle (1) has already been desen e 
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expenments on muscle,^ if rapid fixation is not essential, the tissue may be 
ground in a Latapie mincer, or in a meat chopper and then %vith quartz 
sand in a mortar. The minced tissue is then transferred to a volume of 
10 per cent trichloroacetic acid sufficient to make a 1 to 10 dilution. After 
an hour on ice ivith frequent mixing it is filtered and neutralized to phenol- 
phthalein with NaOH. A record must be kept of the volumes of filtrates 
used and reagents added at various steps of the procedure to permit final 
calculation of the percentage content of the individual fractions in the 
onginal tissue. 

Removal of Nucleolides — As a precipitant for nucleotides, mercuric 
acetate is unsuitable for use in the present study. From extracts of 
autolyzed brain, for example, most of the nucleoside and free purine is 
precipitated by mercuric acetate together vath the nucleotide, whereas 
with muscle extracts only nucleotide is precipitated (3). We were 
obhged therefore to return to uranyl acetate as the nucleotide precipitant, 
since it precipitates neither nucleosides nor free purines (5, 1). 

The neutralized, protein-free filtrate is made slightly acid with 10 per 
cent acetic acid (5 drops per 100 cc. of filtrate), and treated vith the mini- 
mum amount of 8 per cent uranyl acetate to provide a slight excess in the 
supernatant fluid (about 0.4 cc. per gm. of tissue). A large excess may inter- 
ere with the ribose determination later. In case the purine content of 
t e nucleotide fraction is to be studied, 105 cc. of the protein-free filtrate 
® reserved for this purpose and handled as described elsewhere 

(2), and the remainder treated as just mentioned in a flask or 200 cc. 
centrifuge bottle. After being centrifuged, the supernatant fluid and wash- 
ings from all uranium precipitates are reserved for the subsequent study 
0 nucleoside and free purines. An alternative procedure, recommended 
or a,utolyzed tissues with a low content of nucleotide, is to utilize the 
uranium precipitate from the entire filtrate. In this case the precipitate, 
after two washings with the diluted acidified uranium reagent, is dissolved 
rom the walls of the flask and centrifuge bottle by means of 10 N HiSOi 
(2 cc. for each 100 cc. of protein-free filtrate used) and collected in a single 
0 cc. centrifuge tube. The usual procedure for the analysis of the nucleo- 
tide fraction is then followed (2). 

_ In case the supernatant fluid is not perfectly clear after centrifugation, 
it should be filtered to insure complete removal of nucleotide before the 
precipitation of purines by silver nitrate. 

Separation of Free Purines {Acid Silver Predpitalion ) — In our prelinunary 
ex-periments with pure compounds the acidity produced by 0.02 n HiSO< 
(pH 2.0) was sufficient to prevent the precipitation of nucleosides by silver 
Wtrate. In extracts of autolyzed tissue, however, the concentration of 
HjSOi must be increased to 0.035 or 0.045 n to bring the solution to pH 
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2.0, presumably because of changes occurring during autolysis. Since 
at least 95 per cent of free purine is precipitated by AgNOj in 0.05 n 
H 2 SO 4 (Table I), it seems preferable to select this concentration for use 
with tissue filtrates in order to insure a pH between 1.5 and 2.0. 

The filtrate and wasliings from the uranium precipitate are measured, 
transferred to a flask, acidified with H 2 SO 4 until 0.05 n, and then treated 
with 0.02 volume of molar silver nitrate solution to precipitate the free 
purines. 

The precipitate is separated ivithin an hour to avoid the danger of acid 
hydrolysis of the nucleosides and the possible precipitation of nucleoside. 
In two experiments •with a mixture of hypoxanthine and adenosine, how- 
» ever, the separation of purine and nucleoside was satisfactory even w'hen 
the acid precipitate w'as allowed to stand overnight, either at room tempera- 
ture or on ice. After sedimentation the precipitate is separated by re- 
peatedly centrifuging portions of the mixture in 250 cc. centrifuge bottles, 
and is then shaken •wdth water, rinsed into a 50 cc. centrifuge tube, and 
again centrifuged, the W'ashings together with the supernatant fluid con- 
taining the nucleosides being reserved for analysis. A second washing is 
made to insure the removal of a product w'hich interferes ■with the subse- 
quent determination of ribose, this wash liquid bemg discarded. The 
precipitate, known hereafter as the “acid silver precipitate,” is reserved 
for analysis. 

Precipitation of Nucleosides {Alkaline Silver Precipitation) — ^To the super- 
natant fluid normal NaOH solution is added until the mixture is alkaline 
to phenol red. This precipitate, hereafter designated the “alkaline silver 
precipitate,” contains not only the nucleosides and some silver oxide, but 
also whatever uranium was left in solution after removal of the nucleotides. 
The precipitate is collected in 250 cc. centrifuge bottles, then transferred 
to a 50 cc. tube while being washed twice by the same procedure as for the 
acid silver precipitate. 

Extraction of Purines and Ribose from Silver Precipitates — From^ the 
silver precipitates the purines are extracted with HCl. The decomposition 
of nucleosides to their constituent purines and ribose is essential before re- 
moval of uranium and also for the subsequent precipitation of purines by cop- 
per sulfate and bisulfite. The precipitates are therefore heated in bo g 
water "with 15 cc. of 0.5 N HCl for 30 minutes, then filtered hot with sue ion 
through asbestos in a Gooch filter mounted in a Witt filtering appara us,^ 
the extracts being received in centrifuge tubes wdth conical tip an g™ 
uated at 35 cc. Since AgCl adsorbs ribose strongly, it is ad\asable to re ^ 
as much of the precipitate as possible in the centrifuge tube m or e 

1 This is a suction flask with a ground glass removable top. 
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digest it repeatedly (five or six times) vith 0.5 n HCl at 100°. Further 
washings should not give Bial’s test for pentose. When cool, the filtrate 
is diluted to 35 cc. ■(vith 0.5 n HCL- 

Filter paper should not be used for filtering hot HCl if ribose is to be 
determined, for the hot acid extracts substances which give the pentose 
reaction vith Bial’s reagent, the amount depending on the time required 
for filtration as well as the quality of the paper. 

The nucleoside may also be extracted as such from the silver precipitate 
without hydrolysis by eight extractions with cold 0.2 n HCl, and filtered 
through acid-washed paper (previously tested for pentose). Under these 
conditions the nucleoside is only slowly hydrolyzed.’ The cold filtration 
is so slow, however, that we prefer the hot extraction mth the Witt filter. 
If the cold e.xtraction procedure is used, the nucleoside in the HCl extract 
must subsequently be hydrolyzed to free purine and ribose before removal of 
the uranium. 

Analysis of HCl Extracts — ^Ribose must be determined before the removal 
of uranium, since much of it is lost in the uranium precipitate which forms 
when the extract is neutralized. The ribose cannot be recovered from the 
precipitate even if it is dissolved and reprecipitated seven times. The 
free purines on the other hand are easily separated by a single 
reprecipitation. 

For the ribose determination aliquots corresponding to 1 cc. of the acid 
silver extract and 0.2 cc. of the alkaline silver extract are suitable. For 
the latter, 1 cc. of the 35 cc. of HCl extract is diluted to 10 cc., and 2 cc. of 
this are taken for a preliminary estimation by the method described below. 
The determination is repeated if necessary with an aliquot containing from 
0.02 to 0.05 mg. of ribose. 

Uranium does not interfere with the ribose determination unless present 
in excessive quantities. The volume of the centrifuged uranimn precipitate 
formed in the next operation should be measured roughly. If the aliquot 
portion used for the ribose determination does not represent more than 
0.15 cc. of precipitate, the ribose determination is reliable. In other words, 
interference ivill occur if the ribose determination requires a full cc. aliquot, 
with the volume of the precipitate exceeding 5 cc. The necessity of 

’ In the quantitative determination of ribose by Bial’s reaction the acidity of the 
standard and unknown must be identical; hence it is convenient to keep the HCl con- 
centration of this filtrate at a uniform level. 

’ At 25” in 0.2 n HCl only 2 per cent of adenosine was split within an hour, 13 per 
cent in 24 hours. At 100” the hydrolysis was complete in 40 minutes. The rate of 
hydrolysis was determined by measuring the liberated ribose by the method of Hage- 
norn and Jensen (6). The sugar equivalent of the reagent was determined on pure 
d-ribose (Pfanstiehl). 
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avoiding excessive amounts of uranium reagent for precipitating nucleotides 
is evident. 

After the completion of the determination of ribose and before the pre- 
cipitation of purines, uranium is precipitated from the remainder of the 
extract by neutralizing to phenolphthalein with 20 per cent NaOH and 
then discharging the indicator color with 5 per cent acetic acid. The 
precipitate is centrifuged and the supernatant fluid transferred rvithout 
loss to a 50 cc. centrifuge tube with conical tip. In place of washing, 
the precipitate is dissolved in a few cc. of n H2SO4, then reprecipitated. 
The combined supernatant fluids are next heated in boiling water, the 
purines are precipitated by addition of copper sulfate and 40 per cent 
sodium bisulfite, and the content of individual purines determined b}’’ 
methods previously described (2, 7-9). 

Guanine may be determined (7) on a 3 to 5 cc. aliquot of the 25 cc. of 
purine hydrochloride solution secured after decomposition of the cuprous 
bisulfite-purine complex rvith HsS. This determination, based upon the 
reaction rvith the phenol reagent, does not distinguish between guanine 
and xanthine. It has been showm, however, that guanine but not xanthine 
is found in the fresh muscle of the frog and rabbit (10-12) -, hence in a 
study to be published shortly we have designated the substance measured 
by Hitchings’ method as guanine, mth the realization that it may consist 
in part of xanthine, particularly in autolyzed tissue. 

The presence of guanine in trichloroacetic acid extracts of tissues (7) 
introduces some difficulties in the determination of adenine and hypo- 
xanthine. Hitchings® states that when more than 0.1 mg. of guanine N 
is present, some of it precipitates together with adenine when the latter 
is determined as picrate, the remainder being precipitated together with 
hypoxanthine as the argenti-picrate. In our experience with a nuinber ot 
tissues, the guanine content is not above the limit of 0.1 mg. of N in the 
nucleotide fraction rvhen the aliquot used for the adenine determination 
represents 5 to 6 gm. of tissue. When the same determination is made on 
HCl extracts of the silver precipitates, the aliquots used are necessa ^ y 
much larger, representing about 15 gm. of tissue, and the amount of guanine 
N greatly exceeds 0.1 mg. in some cases, particularly in autolyzed tissues. 
Hence it is probable that the values found for adenine in these ca?es are 

too high. _ _ . 

Any guanine present and not carried down mth adenine as picrate n ^ 
precipitate as argenti-picrate with hypoxanthine. Under the con 1 
defined by Hitchings for the precipitation of hypoxanthine (9) we 

‘This reagent does not keep well. The bisulfite content nas found to h 
creased from 40 to 36 per cent when kept at room temperature for 10 days. 

‘ Personal communication. 
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that each molecule of guanine combines nith 1 atom of silver, as is the 
case with hypoxanthine.® Hence the amount of silver found represents 
the sum of hypoxanthine and guanine. Hypoxanthine is therefore deter- 
mined by subtracting the guanine (detennined colorimetrically) from total 
silver, each calculated as moles, since the nitrogen contents of hypoxanthine 
and guanine differ. If any guanine were precipitated with adenine, this 
method of ealculation for hypoxanthine by difference would result in 
values which are too low (or even negative if no hypoxanthine were present), 
as the amount of guanine determined in the original mixture of the purines 
was greater than that precipitated as argenti-picrate. 

At present we have no solution to offer for these difficulties, but wish 
to call attention to the sources of error which are encountered chiefly 
in experiments mth autolyzed tissues. 

Determination of Ribose — Dische and Schwartz (13) and Mejbaum (14) 
stated the conditions under which Bial’s reaction for pentoses (15) gives 
an intensity of color proportional to concentration, the colors being meas- 
ured in the Pulfrich spectrophotometer with Filter S-61. We have made 
certain modifications in order to permit the use of an ordinary colorimeter. 

Mejbaum (14) noted that the intensity of color is proportional to con- 
centration only with very dilute solutions of pentose, and this we have 
confirmed on attempting to use larger samples. 

A series of experiments to determine the optimum concentrations of 
HCl, FeCls, and orcinol showed that the intensity of color produced on 
heating pentoses with these reagents is equally great with much lower 
concentrations of FeCla and orcinol than those used by other wor ’ers 
(13-15). The use of the higher concentration of FeCb not only gives a 
deeper yellow color to the reagent, but also an increase in intensity w c 
affects the colorimeter reading when the reagents are heated as a an ' 

ivithout pentose. . 

As the color production is particularly sensitive to the concen ra lon 
of HCl, it is essential that the unknown and standard have exactly the same 
acidity during the period of heating. An error of -i-25 per cent resu ts " 
the unknoivn contains 5.25 N HCl and the standard 5 n. In t e proce ure 
outlined above for tissue analysis pentose is detennined in tns • ^ 
extract of the silver precipitate; hence extra acid must be added to tlie 
standard to compensate for that in the sample analyzed. 

Reagents — 

Concentrated HCl containing 0.02 per cent FeClj. 

Orcinol, 10 per cent solution in ethyl alcohol. This s ou e near 
colorless when freshly prepared and not darkened w en s ore m 
stoppered vessel. 

' Uupublished data. 
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Standard pentose solution. A solution of d-ribose (Pfanstiehl, dehy- 
drated over sulfuric acid in vacuo) in 0.1 n HCl containing 1.0 mg. per 
100 cc. (3 cc. = 0.03 mg.). d-Arabinose may be substituted for ribose. 

Procedure 

Measure into a test-tube graduated at 15 cc. a quantity of the unknomi 
solution containing between 0.02 and 0.05 mg. of ribose. Add 0.3 cc. 
of N HCl (the HCl content of the standard ribose solution) and dilute to 
5 cc. 

Prepare the standard by measuring into a similar tube 3 cc. of the stand- 
ard ribose solution (0.03 mg. of ribose), also a quantity of n HCl equal 
to that found in the unknown sample taken, and dilute to 5 cc. 

To both the standard and unknonm add 5.0 cc. of the HCl-FeCh reagent 
and 0.3 cc. of orcinol solution and mix. Immerse the tubes in boiling 
water for 20 minutes, then cool, dilute to 15 cc., and compare in the colorim- 
eter, using a Wratten Filter E-22 in the light path.’ The color is stable 
for hours. 

The results obtained inth varying concentrations of pentose in the 
form of pure d-ribose, d-arabinose, adenosine, and myoadenylic acid are 
given in Table IV. Arabinose gives the same intensity of color as ribose, 
and may therefore be substituted as standard. The ribose bound in adeno- 
sine is correctly measured by this reaction, but in the case of mjmadenylic 
acid ivith all concentrations used the ribose found is 20 per cent higher than 
the calculated content. 

A more rapid development of color may be secured by using 10 cc. of 
reagent and 5 cc. of unknown, thus giving an acid concentration of 6.7 
N. Under these conditions the color intensity after 5 minutes heating is 
equal to^thatjnth 5 N HCl as recommended in our procedure, but we have 
had more consistent results vdth the lower concentration of acid and longer 
heating, probably because of the slower liberation of furfural. For quah- 
tative tests, however, the best results are obtained by heating the unknown 
for 5 minutes rvith 2 volumes of concentrated HCl containing only 0.008 
per cent FeCls and 0.3 per cent orcinol. The lower concentration of iron 
gives an almost colorless reagent and permits the detection of smaller 
amounts of pentose. 

Interference hy Chlorides — Some adenosine is carried down with the acid 
silver precipitate when chlorides are present, the amount being dependent 
on the chloride concentration. In various beef tissues chlorides, calculate 
as NaCl, range in concentration from a minimum of 0.08 per cent in 

’ These filters’intty be procured from the Eastman Kodak Company in diste suit- 
able for use in the eyepiece of a colorimeter, or squares to be inserted between the ig 
source and the colorimeter. 
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skeletal muscle to 0.44 per cent in kidne}' (16). Hence in trichloroacetic 
acid extracts of tissues •with a 10-fold dilution the concentration of NaCl 
is always less than 0.05 per cent. 

A number of experiments were made to determine the amount of nucleo- 
side carried down uith AgCl at an acidity of 0 05 n HsSOi With 25 cc 
samples containing 0.10 per cent NaCl and adenosine equivalent to 0 08, 
0 32, and 0 86 mg. of ribose, the adsorption of nbose on the acid silvei 
precipitate amounted to 0.018, 0 012, and 0 023 mg lespectively, the loss 


Table IV 


Delerminattons of Ribose, Free and Combined, in Adenosine and Adenylic Acid by 
Modified Rial’s Reaction; All Determinations Made in Colorimeter 
with Wratten Filter E-SS and 0 OS Mg of Ribose As Standard 


Compound 

Pentose taken 

Pentose found 

Reco\ ery 


me 


per cent 

d-Ribose 

0 0209 


103 4 

( 1 

0 0418 


100 0 

1 r 

0 0523 


101 8 

<i-Arabinose 

0 03 


103 0 

t t 

0 05 


103 0 

i 4 

0 05 


100 6 

Adenosine 

0 0247 


96 8 

( i 

0 0371 


97 2 

f ( 

0 0494 


99 6 

i t 

0 0618 

0 0006 

98 1 

Guanosme 

0 0233 

0 0229 

98 5 

f 4 

0 0529 

0 0538 

101 9 

Myoadenyhc acid 

0 0242 

0 0293 

121 1 

4* 44 

0 0363 

0 0432 

119 0 

*4 44 

0 0484 

0 0588 

121 6 

4 4 4 4 


0 0732 

121 0 

Ba nbose monophosphate 

0 0173 

0 0218 

126 0 


0 0288 

0 353 

122 8 


being unrelated to the amount of nucleoside in the sample. The concen- 
tration of chloride chosen for these experiments is, however, 10 times that 
found in muscle filtrates, at least double that found in any beef tissue 
filtrate (1:10 dilution), and is encountered only in blood filtrates -mth 
a 1 :5 dilution. 

Recovery of Added Punne and Nucleoside — The abihty to recover added 
purine and nucleoside by the above methods was tested by anal 3 'zing 
duplicate portions (400 cc. each) of trichloroacetic extracts of dog brain, 
to one of which known amounts of adenine and adenosine v ere added. The 
results, presented in Table V, indicate that the separation of purine from 
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nucleoside is not quite as sharp when applied to tissue extracts as adth pure 
solutions, a small amount of nucleoside being carried down viith the acid 
silver precipitate, probably because of the presence of chlorides. The 
results are sufficiently good, however, to justify the use of the method for 
studies on the nucleotide and purine metabolism of tissues. 

Since the greatest interference is to be expected in the analj’-sis of blood, 
because of its relatively high content of chloride, three experiments were 
made to determine the extent of recovery of adenosine added to dog blood. 

When 0.85 mg. of adenosine N w’as added per 100 cc. of blood, and speci- 
mens of 100 to 150 cc. used for analysis, the recovery of adenosine in the 
alkaline silver precipitate was 80.5 and 84.4 per cent. When the adenosine 

Table V 


Recovery of Adenine and Adenosine Added to Trichloroacetic Acid Extracts of Brain 


Added 1 

Recovered in 

; acldAffppt. 

Recovered in alkaline 
As PPt. 



vtg. 

fer crei 


per eent 

Adenine ) 

3.08 mg, N 1 

3.14 

102 



Adenosine j 


3.82 “ “ 



3.66 

95.8 

I 


8.20 “ ribose 

0.33 

i i 

7.1 

86.5 

Adenine 

1 

3.22 “ N 

1 3.22 




Adenosine , 

[ 

3.82 “ “ 


! 

3.41 

89.3 

] 


8.20 “ ribose 

0 


7.47 



added was reduced to 0.17 mg. of N per 100 cc., the recovery was 70 per 
cent. 

Attempts to recover adenosine added to urine have so far been unsuc- 
cessful. 


DISCUSSION 

Silver in ammoniacal solution has long been used as a precipitant for 
the purine bases (17-19), but we find it does not precipitate adenosine or 
adenylic acid, and Pohle (20) reported the same for inosinic acid. Sub- 
stitution of NaOH for ammonia gives the silver reagent the property of 
a general precipitant for the purine nucleotides and their derivatives 
(myoadenylic acid, adenosine, inosine, guanosine, adenine, bypoxastkne, 
and guanine hamng been tested). In acid solution, however, only the free 
purines are precipitated by silver nitrate, at least in the concentrate^ 
encountered in extracts of fresh and autolj'zed tissue.® Similarly, basic 

• Our studies were carried out with concentrations of nucleoside and free 
slightly higher than any encountered in tissue analysis. The bighest concen ra 
of adenosine we have found in any autolyzed tissue was 11.2 mg. of per 
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lead acetate or lead acetate and ammonia, but not neutral or acid solutions 
of lead acetate, precipitate the nucleosides (21, 22). 

Bielschowsky (23) attempted to separate nucleosides from solution by 
means of mercuric acetate, but stated the precipitation to be incomplete. 
Inagaki (24) also noted that the purine nucleosides are only partially 
precipitated by mercuric acetate and sulfate at room temperature, pre- 
cipitation being complete at 0° mth these reagents, or at room temperature 
with mercuric nitrate. 

Bial’s reaction for pentoses has been adapted for use in the spectro- 
photometer or photoelectric colorimeter by several workers (13, 14, 25, 
26). The various procedures differ in some details, and this may explain 
the differences reported for the behavior of arabinose and ribose, and of 
ribose, free and combined. Dische and Schwartz (13) stated that adeno- 
sine gives a greater color intensity than myoadenylic acid, whereas we 
find the reverse to be true (Table IV). Mejbaum (14) found no difference 
in the color yielded by the pentose in the form of arabinose, myoadenylic 
acid, and inosinic acid. Schlenk (25) foimd that ribose, xylose, and arab- 
inose give identical results when used as standards. Stone (26) considers 
d-arabinose unsuitable for use as a standard for measuring the purine 
nucleotides, its rate of color production being much slower than that of 
the ribose in adenosine triphosphate. We, too, find that myoadenylic 
acid gives more color than ribose or arabinose. The selection of a standard 
should of course be governed by the compound to be measured, arabinose 
and ribose being suitable for measuring nucleosides or free ribose, whereas 
myoadenylic acid or a salt of adenosine triphosphate of known purity 
should serve best for measuring nucleotides. 

Barrenscheen and Peham (27) describe a photometric method for esti- 
mating nucleosides and nucleotides based on the orcinol reaction, with the 
substitution of cupric chloride for ferric chloride. Decreasing intensity 
of color was found for the pentose in adenosine triphosphate, adenosine, 
xylose, and arabinose. 

In a study of nucleotide catabolism in various tissues’ nith the proce- 
dures described in this paper, a small amount of pentose (3 to 5 mg. per 
100 gm.) was found in the acid silver precipitate, together with hypoxan- 
thine and guanine. Some organic phosphorus was also found in this precip- 
itate with most (but not all) tissues. The possibility that small amounts 

which corresponds to 0.28 mg. of N in 25 cc. of protein-free filtrate. This was the final 
volume of solution used in each of the e.xperiments reported. Adenosine in a concen- 
tration 7 times as great as this was not precipitated by -■tgXO: at pH 2 (see Table ). 
The highest concentration of inosine found in tissues was 13.2 mg. of X per 100 gm., 
or 0.33 mg. per 25 cc. 

® To be published shortly. 
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of nucleotide escape precipitation by uranium was suggested by Pamas 
( 1 1 ) and Ostern ( 12 ) in explanation of the adenine they found in the fraction 
containing nucleosides and free purines. That this is not the case is 
demonstrated by the fact that in the analysis of certain tissues (e.ff., testes) 
no phosphorus was found in either the acid or the alkaline silver fractions. 
In the case of skeletal muscle the amount of phosphorus was too little 
to account for the pentose in each of the silver precipitates, Eibose 
phosphate, if present, should be precipitated by uranyl acetate together 
with inorganic phosphate and nucleotide (24). We find that free ribose 
is not precipitated by silver nitrate and NaOH, but is adsorbed to some 
extent by AgCl; hence it would be found partly with the acid silver precip- 
itate if it occurred in tissue extracts. 

SUMMAKT 

The free purines adenine, guanine, and hypoxanthine are quantitatively 
precipitated by silver nitrate in the presence of sodium trichloroacetate and 
H 2 SO 4 (0.02 to 0.05 n), whereas in dilvle solution the nucleosides adenosine, 
guanosine, and inosine remain vnprecipitated. AJl of these pvnnes and 
nucleosides are quantitatively precipitated by silver nitrate when the solu- 
tion is made slightly alkaline with NaOH. 

A method of analysis for the nucleosides and free purines in trichloroacetic 
acid extracts of tissues is described. After removal of nucleotides by 
precipitation -with uranium acetate, the free purines are precipitated by 
AgNOa in acid solution (pH between 1.5 and 2.0), and the nucleosides by 
AgNOs in the presence of a slight excess of NaOH. The purines and 
nucleosides are extracted from the silver precipitates by HCl and analyzed 
by methods previously described. 

A modification of Bial’s reaction for pentose is described which permits 
the determination of d-ribose in an ordinary colorimeter with a special 
light filter. 
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THE MICROBIOLOGICAL DETERMINATION OF NICOTINIC 
ACID, NICOTINAMIDE, AND NICOTINURIC ACID 

By B CONNOR JOHNSON 

(From the Division of Animal Nulnlton, University of Illinois, Urbana) 
(Received for publication, March 19, 1945) 

The nicotinic acid assay most generally satisfactoiy is the Lacldbacillus 
arabinosus procedure (1, 2) as regards sensitivity and non-interference 
from other compounds. However, this organism responds to nicotinamide 
and nicotinuric acid as well as to nicotinic acid. 

Gaines and Stahly (3) have proposed the use of Leuconostoc meseniermdes 
for the assay of several members of the vitamin B complex, including 
nicotinic acid. We have found that this organism responds to nicotinic 
acid, but not to nicotinamide at low concentrations, nor to nicotinuric 
acid. 

By the use of acid hydrolysis of the amide, these two organisms can be 
used for the determination of all three compounds. 

EXPERIMENTAL 

Determinalion of Free Nicolinic Add — The test organism Leuconostoc 
mesenteroides (American Type Culture Collection, No. 9135) is carried on 
yeast extract 1 per cent, milk peptone (Difeo) 1 per cent, glucose 1 per cent, 
agar 1.5 per cent stabs, and is transferred every 2 weeks. 

The inoculum is prepared by transfer from this stab to 10 cc. of the diluted 
basal medium containing 1 y of nicotinic acid. After 24 hours incubation, 
the cells are centrifuged out and resuspended in 10 cc. of sterile 0.9 per 
cent saline. 1 drop of this suspension is used per tube for inoculation. 

The basal medium used is given in Table I. This medium is double 
strength, 5 cc. being used per tube, diluted to 10 cc. with the solution being 
assayed plus water. The addition of the purines to the medium of Gaines 
and Stahly (3) doubled the acid production, increasing the maximum 
titration from 3 up to 6 cc. By the increase in buffer and glucose and 
other minor changes, this medium now gives a maximum titration of 12 
to 15 cc. of 0.1 N NaOH per tube. 

It was found that this organism, as in the case of Lactobacillus casci 
and Streptococcus laciis, utilizes “pseudopyridoxine” rather than p 3 Tidoxine 
(5). This can be supplied either by pyridoxine which has been treated 
with hydrogen peroxide (6) or by pyridoxal (7). The organism responds 
to the thiazole moiety of thiamine as well as to intact thiamine. For 
these reasons it cannot be used for pyridoxine or thiamine assays as proposed 
by Gaines and Stahly (3). 
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The assay is set up in the same manner as the Laclobacilbis arahinom 
assay of Snell and Wright (1). The tubes are incubated at 30° for 72 
hours and the acid formed is titrated with 0.1 n NaOH. 

At levels of acid production above about 8 cc. of 0.1 N acid per tube, 
this organism produces a considerable amount of COj which interferes 
with the end-point of the titration. This can readily be eliminated by 
autoclaving the tubes and cooling them before titration. 

On Fig. 1 is plotted the dose-response cur\'e of this organism to nicotinic 
acid, nicotinamide, and nicotinuric acid. "While there is no increase in 
acid production with the addition of nicotinamide or nicotinuric acid up 


Table I. 
Basal Medium 


Acid-hydrolyzed vitamm-free casein 

10 gm 

Glucose 

60 “ 

Sodium acetate, anhydrous 

40 “ 

Cystine 

20 mg 

l-Tryptophanc 

10 

Salt Solution A* 

10 cc 

<• •* B* 

10 “ 

Riboflavin 

500 y 

Thiamine 

500 “ 

Calcium pantothenate 

i 500 “ 

Biotin 

10 “ 

"Pyridosal” 

100 “ 

Adenine 

20 mg 

Guanine 

20 *' 

Xanthine 

20" 

Asparagine 

50 " 

p-Aminobenzoic acid 

100 T 

Distilled water to 

1000 cc. 


* Prepared according to Snell and Strong (4) 


to 10 y per tube, which is about the maxunum for nicotinic acid assay , 
nicotinamide does have some slight growth effect and at 1000 y per tube an 
acid production equal to 8 cc. of 0.1 n NaOH per tube was obtained. 

Determinalion of Ntcoltnamide — In order to determine nicotinamide vit 
Lmconosioc mesenteroides, it must first be hydrolyzed to nicotinic aci 
by a procedure which ^ves practically complete hydrolysis of the ® 

and at the same time avoids appreciable hydrolysis of nicotinuric acid J ^ 

is present. Hydrochloric acid (8) has been used. However, it was foun 
that the amount of NaCl formed on neutralization inhibited the gro«^ _ o 
the bacteria. Therefore, sulfuric acid was used. Solutions 
1 y per cc. of nicotinamide or of nicotinuric acid were autoclav 
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Fig. 1. Dose-response of nicotinic acid, nicotinamide, and nicotinuric acid with 
Leuconostoc mesenteroides. 


Table II 

Sulfuric Acid Hydrolysis of Nicotinamide and Nicotinuric Acid 


Normality of acid 

Per cent hydrolysis 

Nicotinamide 

Nicotinuric acid 

0.0 

0 

0 

0.1 

21 


0.2 

34.5 


0.5 

80 


0.6 

100 

0 

0.8 

100 

0 

1.0 

100 

0 

6.0 


83 


Table III 


Recovery of Known Amounts of Nicotinic Acid and Its Derivatives 
The material assayed was a water solution containing 0.2 y P^r cc. each of nico- 
tinic acid, nicotinamide, and nicotinuric acid. 



Sample 

No. 

No. of 
tests* 

Treatment 

Found 
as nico- 
tinic 
acid 

Pc- 

covery 

Leuconosloc mesenteroides 

1 

2 

None 

T 1 
0.20 

fer cent 

100 


2 

4 

0.6 N H-SO. hydrol 3 'sis 

0.38 

95 

^dctohacilliis arabinosus 

3 

2 

None 

O.SS 

96.2 

* Each test was run at five levels of assay with duplicate tubes at each le\el. 
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1 hour at 15 pounds ndth different strengths of sulfuric acid. They i\-ere 
then cooled, neutraUzed with saturated Ba(OH )2 solution, diluted to 0.2 
r per cc., filtered, and assayed. The relationship between the strength of 
the acid and per cent hydrolysis for the two compounds is given in Table II. 

From Table II it can be seen that 0.6 n sulfuric acid completely hydro- 
lyzes nicotinamide in 1 hour at 15 pounds and at the same time causes 
practically no hydrolysis of nicotinuric acid. Therefore the difference 
between the assay value obtained ndth Leitconosloc mesenteroides before acid 
hydrolysis with 0.6 N HtSO^ and that obtained after acid hydrolysis repre- 
sents the amount of nicotinamide that has been converted to free nicotinic 
acid. 

Determination of Nicotinuric Acid — We have determined nicotinuric 
acid as the difference between the total nicotinic acid obtained with 
Lactobacillus arabinosus by the method of Krehl, Strong, and Elvehjem 
(2) and that obtained %vith Leuconostoc mesenteroides after 0.6 n HtSOi 
hydrolysis. 

Average data obtained on the analysis of pure solutions of nicotinic 
acid, nicotinamide, and nicotinuric acid by the procedure finally adopted 
are given in Table III. Similar data obtained on human urine sub- 
stantiate these results and are given in the following paper (Johnson, 
Hamilton, and Mitchell (9)). 


SUMMAKY 

A method for the determination of nicotinic acid, nicotinamide, and 
nicotinuric acid in solution containing one or more of these compounds is 
proposed. 

The method is based on the finding that the organism, Leuconostoc 
mesenteroides which requires nicotinic acid for growth, is unable to use 
nicotinamide or nicotinuric acid at the levels of assay investigated. 
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THE EXCRETION OF NICOTINIC ACID, NICOTINAMIDE, 
NICOTINURIC ACID, AND N'-METHYLNICOTINAMIDE 
BY NORMAL INDIVIDUALS* 


By B. CONNOR JOHNSON, T. S. HAMILTON, and H. H. MITCHELL 
(From the Division of Animal Nutrition, University of Illinois, Urbana) 

(Received for publication, March 19, 1945) 

The metabolites of nicotinic acid excreted in urine have been studied 
by a number of workers. The occurrence of a nicotinic acid and amide 
fraction, of nicotinuric acid, and of N’-methylnicotinamide (or Fj), or 
trigonelline in urine has been reported. Melnick, Robinson, and Field 
(1) did not find nicotinuric acid unless large doses of nicotinic acid (as 
distinguished from the amide) were fed. Perizweig (2) and Sarett (3, 4), 
however, later reported the presence of nicotinuric acid in normal human 
urine. Using the Lenconosloc mesenieroides method described in the preced- 
ing paper, we have been unable to find m’cotinuric acid in human urine. 

No work has been reported on the separate determinations of nicotinic 
acid and nicotinamide excreted in the urine. The bacteriological method 
which we have developed has enabled us to make these separate determina- 
tions. 


EXPERIMENTAL 

Four male subjects aged 21 to 28 years were used in this work. They 
were on a constant diet throughout the preliminary and experimental 
periods, during which time their activity was entirely sedentary. 

The experiment was divided into two 5 day periods. During Period I 
no nicotinic acid was given in addition to that contained in the diet. Each 
subject received orally 50 mg. per day of nicotinamide during Period II. 

The 24 hour urine specimens were collected each day and combined 
for the 6 day period. 5 per cent acetic acid was used as a preservative. 

Analyses were carried out for total nicotinic acid (f.e., nicotinic acid, 
nicotinamide, and nicotinuric acid) by the Lactobacillus arabinosus micro- 
biological assay procedure of Snell and Wright (5) as modified by Krehl 
el al. (6). The same urine samples were also analyzed for these individual 
constituents by the Leuconostoc mesenieroides procedure described in the 
preceding paper. The N^-methylnicotinamide determinations were carried 
out by the fluorometric procedure of Huff and Perizweig (7). 

* The work described in this paper was done under a contract, recommended b> 
the Committee on Medical Research, between the Office of Scientific Research and 
development and the University of Rlinois. 
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The urinary concentration values were found to confirm the findings of 
other workers that N^-methylnicotinamide is excreted in higher concentra- 
tion than the total of all other known metabolites of nicotinic acid. 

A 65 per cent increase in nicotinic acid concentration in urine following 
the administration of 50 mg. of nicotinamide daily with no concomitant 
rise in nicotinamide was noted and may be significant. In agreement with 
the report of Melnick el al. (1), we were unable to find a significant con- 
centration of nicotinuric acid in the urine. However, because of the 
positive findings of other workers and in order to establish further the 
validity of our assay procedure, the folloiving experiment ivas carried out. 

Nicotinuric acid was added to water, to urine, to urine followed by 0.6 
N H2SO4 hydrolysis, and to urine followed by 6 N H2S04 hydrolysis. In 

Table I 


Recovery of NieolinuTtc Acid 


Sample No. 

Sample 

Kicottnuric 
acid added 

UtSOt 

hydrolysis 

l^uconoiioc mesentcmdu wwy 

Free 

nicoticdc add 

Recovery of 
uicotmuric acid 



7 ptr u. 

y 

7 per «. 

p<r ctnf 

1 

Water 

1 


0 

0 

2 

(< 

I 

0.6 

0.017 

1.7 

3 

Urine 

0 


0.35 


4 

“ 

0 

0.6 

0.925 


5 

ti 

1 


0.348 

0 

6 

tl 

1 

0.6 

0.93 

0 

7 

H 

0 

6 

0.93 


8 



C 

1.76 

83 


the preceding paper it was shown that 0.6 N H2SO4 completely hydrolyzes 
nicotinamide but does not hydrolyze nicotinuric acid in water solutions. 
However, there was the possibility that nicotinuric acid might be hydrolyze 
by 0.6 N H2SO4 in the presence of urine. 6 n acid was used in order to 
insure some hydrolysis of nicotinuric acid so that an added amount cou 
be partially recovered. From the data in Table I, it is evident that prac 
tically no hydrolysis of nicotinuric acid occurs with 0.6 N H2SO4 even m 
the presence of urine. The data also indicate the absence of nicotinunc 
acid, since 6 n H2SO4 hydrolysis gave no increase in free nicotinic aci ove 
that obtained with 0.6 n H2SO4, while added nicotinuric acid was largely 

recovered (83 per cent) after 6 n H2SO4 hydrolysis. ptabo- 

Table II gives the total daily excretion of nicotinic acid and 1 ® . 

lites. There is a small increase in nicotinic acid cxcrebon ° , 

nicotinamide dosage. It appears from Table II that 94 to per 
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the nicotinic acid excreted is in the form of N*-methylnicotinamide and 
only 5 to 6 per cent is excreted as the free acid and amide. 

Our failure to find any large immediate increase in the excretion of N'- 
methyhiicotinamide following daily 50 mg. dosage of nicotinamide is in 
agreement with the work of Mickelsen (8) who found no increase in Fj 
excretion following 10 mg. doses of nicotinic acid. 

During the experimental periods, the subjects were maintained 8 hours 
per day in a hot environment of 37.8“ and 70 per cent relative humidity. 


Table II 

Daily Excretion of Nicotinic Acid and Its Metabolites; Estimated Daily Nicotinic 
Acid Plus Amide Intake 


Period No. 

Subject 

Urine 
volume 
per day | 

Free 

nicotinic , 
acid 1 

Nicotin* 

amide 

N*-Methyl 

nicotin- 

amide 

Total 

Estimated 

intake* 


1 

cc. 

ms. 

ms. 1 

ms. , 

ms. 

ms. 

I. No 

c 

850 

0.17 

mam 

10.8 

11.67 

19.0 

dosage 

D 

1616 



42.3 

44.0 

30.0 


E 

990 



8.5 

9.5 

15.3 


F 

1130 

0.17 

0.87 

13.1 

14.1 

20.1 

Average 

mtm 


18.7 


21.1 

% of total 



94.4 



11. SO mg. 

C 

754 

0.24 

0.56 

11.0 

11.8 

19.0 + 50 

nico- 

D 

1484 

0.50 

1.15 

39.8 

41.5 

30.0 + 50 

tina- 

E 

852 

0.34 

0.56 

14.0 

14.9 

15.3 + 50 

mide 

F 

967 

0.25 

0.73 

15.9 

16.9 

20.1 + 50 

per day 








Average 




0.75 

20.2 

21.3 

71.1 

% of total 


Isl 

3.5 

94.8 

100 



* These estimates are made from the lower range of published values obtained by 
the microbiological assay method of Snell and Wright (5). 


The total skin excretion was collected for each 8 hour period. In order 
to determine the concentration of nicotinic acid and its metabolites in 
sweat, undiluted sweat was collected from each subject during 4 hour 
periods on the days following the end of each 5 day period. The sweat 
samples were stored and analyzed in the same manner as the urine samples. 
Table III summarizes the concentration data obtained for total nicotinic 
acid, free nicotinic acid, nicotinamide, and N*-methylnicotinamide in 
undiluted sweat. As in the case of urine, no nicotinuric acid was found 
in sweat. 

A smnmary of the daily skin excretion data on the 5 day collection 
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Table III 

Concentration of Nicotinic Acid and Its Metabolites in Sweat 


The values are given in inicrograms per co. 


Period preceding coVectioa 
of undiluted sweat 

Subject 

Total nico- 
tinic acid 
(Lacioba- 
ctUus 

arabinosus) 

Free nico- 
tinic acid 
(LeuccnDS‘ 
fffc mescTt- 
itrotdti) 

Nicotin- 

amide 

Ni-Methyl- 

nicotin- 

amide 

Total 

I. No dosage 

c 

im 


0.011 

■1 



D 

mm 

0.087 

0.009 




E 

Is9 

0.017 

0.013 


O.OS9 


F 

HI 

0.029 

0.003 

■I 

0.069 

Average . 


0.051 

0.042 

0.009 

0.048 

ID 

% of total* 



30 

10 

60 

mM 

II. 50 mg. nicotinamide 

C 

HI 


0.000 

0.060 

0.093 

per day 

D 

liii 

HT !« 

0.004 

0.159 

0.223 


E 

0.064 

i 9 

0.014 

0.048 

0.112 


F 

0 047 

Huj 9 

0.000 

0.090 

0.137 

Average 
% of total 

0.052 

0.048 

34 

0.004 

3 

0.089 

63 

■1 


* Based on Subjects E and F only. 


Table IV 

8 Hour Excretion of Nicotxme Acid and Its MclahoUtes Through the Shin 


The values are given in mg. 


Period No 

Subject 

iSicothic 

aod 

Nicotm- 

'amide 

mcotm- 

amide 

Tots^ 

I. No dosage 

c 


0.025 

0.268 

0.390 

D 

BvK9 

0.022 

0.345 

0.527 


E. 


0.031 

0.371 

O.Sll 


F 


0.024 

0.407 

0.547 

Average 


0.120 

0.025 

0.348 

_ _ 

0.494 

% of total 


24.3 

5.2 



II. 50 mg. nicotinamide per day 

C 

0.030 

0.046 


0.425 

D 

E 

0.146 

0.037 

Effi iifl 



0.168 

0.060 




F 

0.137 

0.041 

da 

0.^ 

Average 
% of total 

0.133 

26.3 

0 046 
9.1 

0.326 

64.6 

0.505 

100 


periods is given in Table IV, from which it appears that the amo 
nicotinic acid and its metabolites that would be excreted ^ jn 

conditions inducing profuse sweating throughout the day («•«•> 
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Table IV multiplied by 3 to convertthem to the 24hour basis) are too small 
to have any significant influence on the nicotinic acid requirements of 
persons subjected to a hot environment. It is interesting to note, however, 
that again N‘-methylnicotinamide is the chief metabolite excreted. This 
is in contrast to the work of Sargent, Robinson, and Johnson (9) who found 
none. In sweat a higher percentage of the nicotinic acid excreted was 
present as the free acid and less as N’-methylnicotinamide than in the 
case of urine. 

DISCUSSION 

The results of these experiments confirm the findings of other workers that 
the principal excretory product of nicotinic acid metabolism is N'-methyl- 
nicotinamide which in our work amounted to over 94 per cent of the total 
excretion of nicotinic acid and metabolites in the urine. 

The SO per cent increase in the e.xcretion of free nicotinic acid after 
feeding nicotinamide was proved to be statistically significant (probability 
of less than0.0069by themethod of “Student” (10)) and suggests that some 
of the nicotinamide fed is deaminated to free nicotinic acid and excreted 
as such. Following 50 mg. daily doses of nicotinamide during the second 
experimental period, an average increase of only 1.5 mg. per day (maximum 
5.4) was excreted as N'-methylnicotinamide. Thus only about 3 per cent 
of the ingested nicotinamide was recovered in the urine, pointing to a 
large destruction and also possibly to storage in some form. Najjar and 
coworkers (11) have shown that there is a considerable capacity for storage 
of N'-methylnicotinamide in the dog. 

The absence of nicotinuric acid in the urine supports the view that 
nicotinuric acid excretion occurs only as a detoxication product of nicotinic 
acid when the latter is fed in large doses. The vasodilatory effect of 
nicotinic acid is well known and is not exhibited by nicotinamide or nico- 
tinuric acid. Melnick et al. (1) observed that nicotinuric acid was excreted 
in considerable amounts after 500 mg. doses of nicotinic acid. 

SUMMARY 

1. The excretion of nicotinic acid, nicotinamide, nicotinuric acid, and 
N’-methylnicotinamide in the urine and sweat of four men subjected to a 
hot moist environment was studied. 

2. Over 94 per cent of the total nicotinic acid and metabolites e.xcreted 
in the urine was in the form of N’-methylnicotinamide. 

3. 1 to 1.5 per cent was excreted as free nicotinic acid and 3.5 to 4.5 
per cent as nicotinamide. 

4. No nicotinuric acid was found in either urine or sweat. 

5. The amounts of nicotinic acid and its metabolites present in ^eat 
are too small to have any significant influence on the nicotinic acid re- 
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quirement of persons subjected to an environment which induces profuse 
sweating throughout the day. 
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LETTERS TO THE EDITORS 


GROWTH STIMULANTS IN THE LACTOBACILLUS 
ARABINOSUS BIOTIN ASSAY 


It has recently been reported* that in the microbiological assay of biotin 
certain lipoidal substances act as growth stimulants for Lactobacillus casei. 

Apparent Biotin Content of Rice Polish Samples Corresponding to Different 
Concentrations of Extract 

I Metiod of extract preparation 

Rice poiish 

Test orgnoiem extract per 


Lactobacillus casei 


Rice polish 
extract per 
tube 

Simple 

i hydrolysis* 

Hydrolysis and 
hltrationt 

Hydrolysis of 
defatted rice 
polisbl 

ml. 

yptrtm. 

fPer tm. 

yper tm. 

1.00 

0.96 

0.38 


2.00 

0.76 

0.36 



0.70 


0.32 

3.00 

0.73 

0.33 



0.56 


0.36 

1.00 

0.62 

0.34 


2.00 

0.57 

0.34 



0.52 


0.36 

3.00 

0.74 

0.32 



0.46 

1 

0.34 


Lactobacillus arabinosus 


* Rice polish extract prepared by hydrolyzing 0.2500 gm. of rice polish in 

of normal sulfuric aeid for 30 minutes at 15 pounds pressure. The pH was adj usted to 
6.6 to 6.8 and the sample diluted to 1 liter. 

t Hydrolysate prepared as described above and filtered throug a man as e 
fine filter paper. . 

t Riee polish extraeted with petroleum ether for 8 hours m a ox e ex rac 
prior to hydrolysis. Weight corrected for removal of fat. 

Previous investigators had observed similar effects in the assay of paMo 
thenic acid and riboflavin with the same organism.^ It is nov oun a 

* Williams, V. R., and Fieger, E. A., Cereal Chem., 21, 540 (1944); Ind. and Eng. 

Chem., Anal. Ed., n, 127 (mS). ra,} 14 909 

» Strong, F. M., and Carpenter, L. E., Ind. and Eng. Chem., Anal. Ed., 14, OOy 

(1942). 
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the assay of biotin with Laclohacillus arabinosus is similarly sensitive to 
lipid growth stimulants present in rice polish, and the failure to remove 
such stimulants prior to assay leads to anomalies, as is shown in the table. 
An investigation of the nature of the lipid substances in rice polish produc- 
ing the stimulation is being continued. 

Department of AgricuJtvral Chemistry and Biochemistry Virginia R. Wiluams 

Louisiana Agricultural Experiment Station 
Louisiana State University 
Baton Rouge 

Received for publication, April 13, 1945 



ON THE EFFECT OF DRUGS ON CHOLINESTERASE 


Sirs; 

The concept that the release and removal of acetylcholine are responsible 
for the nerve action potential is based essentially on studies of the enzyme 
cholinesterase. By testing the rate of a number of choline and non-choline 
esters a pattern has been recently established which makes it possible to 
distinguish the enzyme specific for acetylcholine from other esterases.' 
All nerve tissues contain exclusively or predominantly the specific cholin- 
esterase in high concentrations. 

It appears of interest to test the affinity of certain drugs to cholinesterase 
for two reasons. First, to see whether it differs from that of other esterases. 
If this is the case, it would be further support for the assumption of the 
specific character of cholinesterase. Secondly, to find out whethei com- 
pounds knoivn to be stimulants of the central nervous system have an 




Cholinesterase 



Unspecified esterase 


Compound 

Electnc t .sue 

Ox brain 

Horse senim 

Guinea pig pancreas 

Concert* 

tration 

M X ia-» 

Inhibi 

tion 

Concen- 
tration 
u X icr» 

Inhibi 

tion 

Concen 
tration 
u X 10-» 

Inhibi 

tion 

Concen- 

tration 

iix 

Inhibi 

tion 

Caffeine 

25 

Per cent 

50 

100 

per cent 

30 

100 

per cent 

0 

200 

per cent 

0 

Quinine 

100 

50 

100 

33 

2 5 

51 

5 

33 

Quinidine 

50 

50 

100 

22 

1 25 

61 

2 5 

35 

Cocaine 

100 

25 

200 

27 

12 5 

51 

12 5 

52 

Lobeline 

12 5 

30 

50 

22 

1 56 

SO 

3 12 

44 


affinity to cholinesterase. This ma 3 ’- possiblj”^ be relevant to their mode of 
action. 

The inhibitory effect of a variety of drugs has been studied on four 
enz3Tne preparations. Two of them represent specific cholinesterase, one 
prepared from electric tissue, the other from the nucleus caudatus o ox 
brain. The esterases from horse serum and from guinea pig pancreas v ere 
used as unspecified esterases. The first three preparations vere punfied.- 
the pancreas esterase was used wthout any purification. 

Significant differences in affinity were found ith a number of compoun s 

' Nachmansohn, D , and Rothenberg, M A.,J Biol Chan ,158,653 (1945) 

* Nachmansohn, D , and Rothenberg, M A , m preparation. 
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shown in the table. As in the case of the specificity tests mth choline and 
non-choline esters, the differences are mostly quantitative. Only caffeine 
and theobromine act exclusively on cholinesterase, an interesting fact in 
view of their well known action as general stimulants of the central nervous 
system. The data of the table may suffice as an illustration, but they do 
not give a complete picture, since the increase (or decrease) of the inhibitory 
effect frequently does not occur in proportion to the change in drug con- 
centration. The weak effect of quinine on cholinesterase and its strong 
inhibition of other esterases may be of interest in connection with the strong 
antiesterase effect of atebrin.® 

Other drugs tested were found to be equally weak inhibitors of both 
types of esterases, e.g. nicotine, or relatively strong inhibitors, e.g. strych- 
nine and veratrine, acting in a concentration of the same order of magnitude 
on both types of esterase. 

Department of Neurology David Nachmansohk 

College of Physicians and Surgeons Helen Schneemann 

Columbia University 
New York 

Received for publication. May 14 , 1945 

‘ 'Waelsch, H., and Nachmansohn, D., Proc. Soc. Exp. Biol, and Med., {4> 836 
(1943). 



COMPETITIVE INHIBITION OF PROCAINE CONVULSIONS BY 
ITS SPLIT-PRODUCTS 


In experiments on the metaboUc fate and mode of action of local anes 
thelSi "T of the split-products of procaine TZ 

to sumort in guinea pigs. There is evidence^ 

im T ^ f diethylaminoethanol (DEAE). It was found that 

1(W mg. per kilo of procame hydrochloride, equal to 0.364 mM per Mo 
^ven mtramuscularly to guinea pigs produced convulsions in 80 per Snt 

f^d £ Zwir convulsions of 

analoBoiis ^ P^^'.ceut of the animals and were less intense. In 
kilo of DEAfT^??’ ™S. per kilo, equal to 3.42 msi per 

theiTin;H hydrochlonde) were injected before the procaine 

the seve^trof approximately 8 per cent and 

of eitherpL ! markedly decreased. Smaller amounts 

vulsive act^^ T afforded less or no protection against the con- 

necessarv £ n £ amounts of the split-products were 

of procaine was raised. 

out oi- -f ^ are tolerated by the animals in large doses ivith- 

Dounrir?”® “^t'^^cable symptoms. It was also found that these com- 
nrPQor,+ u anticonvulsive action against metrazole. The 

nrorfimt ° f icud support to the assumption that the two split- 

nro ■ procaine attach themselves to the same receptors on which 
the'^^^^t competition may take place directly on the cells of 

comn^^ nervous system or may occur on some intermediaiy enzyme 
nn ^ cholinesterase. Studies devised to shed further light 

on this observation are in progress. 


K'chards 

^orth ChicQgo 

Received for publication, May 14, 1945 

L cAim., 22, 463 (1920). Fosdick, L. S., and Hanaen, H. 

•. A'cnJ. Cosmos, 73, 1082 (1931). 
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Sirs: 


ISOCITRIC DEHYDROGENASE AND CARBON DIOXIDE 
FIXATION* 


The biological b^eakdo^vn of l-isocitric acid to a-ketoglutaric acid and 
CO 2 has been assumed to take place through enzymatic dehydrogenation 
to oxalosuccinic acid, followed by spontaneous decarboxylation of the 
latter.! Adler el al." demonstrated that triphosphopyridine nucleotide 
(TPN) and manganese ions are components of the system. 

We have now sho^vn that crude solutions of isocitric dehydrogenase con- 
tain two distinct enzymes that catalyze reversible Reactions 1 and 2. 

(1) COOH-CH,-CH-CHOH-COOH + TPNo^. ^ 

COOH 

Isocitric acid 

COOH- CHj-CH- CO •COOH -f TPN,.d. 
COOH 

Oxalosuccinic acid 

(2) COOH-CHs-CH-CO-COOH ^ COOH-CHs-CHj-CO-COOH + CO. 

COOH 

Oxalosuccinic acid a-Ketoglutaric acid 

Reaction 1 is catalyzed by isocitric dehydrogenase and occurs in the 
absence of Mn++. Reaction 2 is catalyzed by a specific enzyme, oxalo- 
succinic carboxylase,’ and requires Mn"*^. Summation of the tvo acti\- 
ities gives Reaction 3. 

(3) COOH- CH.-CH-CHOH- COOH + TPN„x. ^ 


COOH 

COOH- CH.-CHj- CO -COOH -h CO. + TPNr,j. 

The enzyme solution used was a dialyzed extract of ashed acetoM 
dried pig heart free from aconitase. Reactions 1 and 3 vere o oy>e y 
spectrophotometric measurement of TPNred. at 340 m;i. 


* Supported by grants from the Rockefeller Foundation, the Pernor Fundo 
American Philosophical Society, the Williams-Waterman Fund of the Research C 

poration, and Hoffmann-La Roche, Inc. „ ... r,,.,,,,, 

! Martins. C., physiol. Chem., 247. 104 (1937). However, Evans (He^y Lcciurcs. 
39, 285 (1943-44)) suggested that the decarboxylation mght be enzyma . 

’ Adler, E., von EuL. H., GOnther. G., and Plass, M 
'Ochoa, S., and Weisz-Tabori, E., J. Biol. Chem., 169, 245 (laio;. 
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In the absence of Mn'H', TPN„d. (formed on mixing isocitric acid, heart 
enzyme, and TPNox) is reoxidized on addition of oxalosuccinic acid* 
(Reaction 1). In the presence of Mn++, reoxidation can be brought about 
by a-ketoglutaric acid plus CO 2 (Reaction 3). If TPN is reduced with glu- 
cose-6-phosphate and Zwischenferment,^ reoxidation is caused by a-keto- 
glutaric acid plus CO 2 only after adding heart enzyme and in the presence 
of Mn++. 

The equilibrium constant of Reaction 1, Ki — (l-isocitrate)(TPNoj,)/ 
(oxalosuccinate)(TPN„d.), is about 0.3 at pH 7 and 22°. That of Reaction 
3, K = (1-isocitrate) (TPNor.)/(a-ketoglutarate)(C02)(TPNred.) at widely 
different concentrations of reactants (CO 2 in the atmosphere in equilibrium 
■with the reaction mixtures from 2.8 to 47 per cent), has an average value 
of 1.3 X 10~* at pH 7 and 22°. Hence the equilibrium constant of the 
oxalosuccinic carboxylase (Reaction 2) is Ki = (oxalosuccmate)/(a-ketoglu- 
tarate)(C02) == K/Ki = 1.4 X 10-*/0.3 = 0.5 X lO'*. 

The equilibrium of Reaction 3 can be shifted to the left, ix. toward CO 2 
fixation, by combination ■with the glucose-6-phosphate dehydrogenase 
system. In this case TPNoi. is reduced according/ to the reaction, glu- 
cose-6-phosphate -f- TPNo*. — > 6-phosphogluconate -t- TPNred.- The 
net result is the dismutation, a-ketoglutarate -4- CO 2 + glucose-6-phos- 
phate = 1-isocitrate 4- 6-phosphogluconate. The isocitrate formed in 
this dismutation was determined ivith isocitric dehydrogenase. 

Further displacement of equilibrium, favoring carboxylation of a-keto- 
glutaric acid, would occur in the presence of aconitase, since over 90 per 
cent of the isocitric acid would be removed to form cis-aconitate and ci- 
trate.® Thus the aconitase-isocitric dehydrogenase-oxalosuccinic carboxy- 
lase system might play an important part in the biological utilization of 
CO 2 . 
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< Oxalosuccinic acid has been prepared for the first time by cold acid 
its triethyl ester and isolated as the barium salt. The ester was prepared y 
method of W. liVislicenus and M. Waldmuller (Ber. chem. Ges., 44, 1664 (19U)h 

® Kindly supplied by Dr. Erwin Haas. 
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OXALOSUCCINIC CARBOXYLASE* 

Sirs: 

As stated in the foregoing Letter* crude solutions of isocitric dehydro- 
genase from pig heart contain, in addition to the dehydrogenase, an enzyme 
that eatalyses the reversible reaction 

COOH-CH,-CH-CO-COOH COOH-CHs-CH.-CO-COOH -h COj 
COOH 

Oxaloauccinic acid o-Ketoglutaric acid 

To the right, i.e. decarboxylation of oxalosuccinic acid, the reaction can 
be followed manometrically, and, since oxalosuccinic acid is relatively 
unstable in aqueous solution, it is best to study the enzymatic breakdown 
at low temperature, viz 12-14°. 

Enzymatic Decarboxylation of Oxalosueantc Aad 

0 018 M citrate buffer, pH 5 6, and 19 micromoles of either oxalosuccinic or oxalo- 
acetic acid (equivalent to 425 c mm of COj) in a final volume of 2 8 cc Enzyme, 1 0 
CO of dialyzed extract of washed, acetone-dned, pig heart containing about 5 mg. 
of protein. Substrates tipped in from the side bulb of the Warburg vessels after 
temperature equilibration. Gas, air. 


AddiUOQs 

CO} evolved in 15 sun. 

Oxalosucaaatc (14*) 

Oxaloacetate (25*) 


c mm 1 

e mm 

None 

54 

37 

0 0013 M MnCh 

76 

38 

Enzyme 

67 

37 

“ -1- 0 0013 M MnCh 

314 

42 

Heated enzyme (2 min at 100°) -h 0 0013 m 
MnCh 

62 

1 


The enzyme is thermolabile and acts only in the presence of manganese 
ions. Since the heart extracts do not catalyze thi^ decarboxylation of oxalo- 
acetic acid, oxalosuccinic carboxylase is a specific enzyme. 

In comparison with manganese at the same molar concentration, ma^e- 
sium has almost no effect on the enzymatic decarbox 3 dation of oxalosuccinic 

* Supported by grants from the Rockefeller Foundation, the Penrose Fund of the 
American Philosophical Society, the Williams-Waterman Fund of the Research Cor- 
poration, and Hoffmann-La Roche, Inc. 

* Ochoa, S , J. Biol. Chem , 169, 243 (1945). 
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acid. Similar results were obtained by Evans ct al.- vath the oxaloacetic 
carboxylase from pigeon liver. 

The rate of enzymatic decarbo.xylation of oxalosuccinic acid is pz-opor- 
tional to the enzyme concentration. The carbo.xylase can be precipitated 
from aqueous solutions with acetone Avithout loss of activity, and is almost 
completely precipitated by acidification to pH 5.2, which must therefore 
be close to the isoelectric point of the enzyme. 

The spontaneous (non-enzymatic) decarboxylation of oxalosuccinic acid 
has been studied under various conditions in comparison vith that of oxalo- 
acetic acid. At 25° and pH 5.1 (acetate buffer) the first order velocity 
constant of decarboxylation of oxalosuccinic acid was kosA = 1-4 X 10“^ 
that of oxaloacetic decarbo.xylation A'oaa = 1.5 X 10"^ 

As reported by ICrebs’ for o.xaloacetic acid, we found that polyvalent 
cations such as Cu++, Fe++, Fe+++, and A1+++ (1 X 10 ~’ m) greatly acceler- 
ate the spontaneous decarbo.xylation of oxalosuccinic acid. At the same 
concentration, however, Ca.+-^, Mg++, and Mn++ have very little effect. 
The decarboxylation of oxalosuccinic acid is also markedly accelerated by 
aniline. 

Departments of Chemistry and Medicine Sevbbo Ochoa 

New York University College of Medicine Ebna Weisz-Tabobi 
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A DIETARY FACTOR ESSENTIAL FOR GUINEA PIGS 

Vir. CHANGES IN THE DISTRIBUTION OF THE PLASMA PROTEIN 
during the DEFICIENCy* 

Bv WILLEM J. VAN WAGTENDONK and LEONARD P. ZILLf 
(From the Department of Chemistry, Oregon Slate College, Corvallis) 

(Received for publication, March 26, 1945) 


The concentratioa of serum protein in normal humans is comparatively 
constant, ranging from 6.0 to 8.0 gm. per 100 cc. (1-3). The range of 
albumm is from 3.6 to 5.4 gm. per 100 co. and that of globulin from 1.5 
to 3.4 gm. per 100 cc. From the values reported in the literature the 
range for the albumin-globulin ratio may be given as 1.2 to 2.6. The 
estimation of the serum proteins in the various forms of renal disease is 
o considerable value. In non-hemorrhagic degenerative Bright’s disease 
or nephrosis the serum protein is decreased markedly and this is due almost 
entirely to a deficit of albumm (1, 4). The tendency toward edema in 
nephrosis is closely related to the serum albumin concentration. In acute 
g oraerular nephritis the plasma protein concentration may remain within 
normal limits, although in severe cases considerable deficits may be en- 
countered (5). Lowering of the serum protein level, which is chiefly at 
he expense of the albumin fraction, is also found in cirrhosis of the liver 
( 1 7). Non-protein nitrogen retention is experienced not only in impair- 
ment of renal function or urinary obstruction but is encountered also in 
instances of excessive tissue protein catabolism. 

There is also a close relationship between the calcium and protein 
content of the serum. McLean and Hastings (8) have demonstrate that 
otal Serum calcium, calcium ions, and total serum proteins are related in 
f ™^iiner which can be stated in an equilibrium equation. Their exper- 
iments led to the conclusion that the calcium of the serum is present 
almost entirely as calciiun ions and calcium bound to protein. In cases of 
an abnormality in the calcium concentration in blood serum the possibility 
exists that it is associated with an abnormal distribution of the serum 
proteins. 


Supported by grants from the Williams-Waterman Fund of the Research Corpo- 
a ion and from the General Research Council of the Oregon State System of Higher 
Education. 


f Ifit data from a thesis submitted by one of the authors (L. P. Z.) as partial 

C requirements for the degree of Master of Science, Oregon State 

. ° ^ part of this study was presented before the Division of Biological Chem- 

18 ry at the 108th meeting of the American Chemical Society at New York, Sep- 
tember 11 - 15 , 1944. 
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It has been found in previous investigations that a deficiency of the 
antistifihess factor results, among other pathological manifestations (9), 
in an abnormal distribution of the acid-soluble phosphorus in the liver 
and kidneys of the experimental animals, probably associated with damaged 
hepatic and renal function (10), an increase in the level of serum phosphate 
and serum calcium (11), and a lower level of serum phosphatase (12). 
An abnormal distribution of the serum proteins could be expected as a 
result of or in conjunction mth the above mentioned changes in phosphorus 
and calcium metabolism and might eiqilain several of the symptoms of the 
deficiency. The present investigation was undertaken with this purpose 
in mind. 


experimental 

A group of 250 guinea pigs was used for this experiment. The animals 
were raised on the deficient diet as described by van Wagtendonk (10). 
The diet consisted of skim milk powder to which adequate amounts of 
minerals and the known vitamins had been added. The animals were 
sacrificed at various intervals. The blood was collected by cardiac puncture 
under nembutal anesthesia and was sampled in tubes containing heparin 
(2 mg. per 15 cc. of blood) to prevent clotting. After centrifuging for 
10 minutes at 4000 r.p.m., the supernatant serum was used for the deter- 
mination of the distribution of the proteins according to the procedure of 
Greenberg (13). For the precipitation of globulin 0.25 cc. of plasma was 
diluted to 8 cc. with 22.5 per cent Nai:S 04 solution. After a small crystal 
of thymol was added, the solution was incubated for 5 hours at 37°. The 
solution was then filtered (Whatman, No. 42). The filtrate contains the 
albumin and non-protein nitrogenous compounds. The precipitate, 
representing the globulin fraction, was dissolved in dilute NaOH solution. 
For the determination of the total protein and non-protein fractions 0.75 
cc. of plasma was diluted to 7.5 cc. with isotonic NaCI solution. 2 cc. o 
this solution were used for the total nitrogen determination. The re- 
mainder of the solution was treated with 5.5 cc. of 10 pel' cent trichloroacetic 
acid and filtered after 10 minutes. A 5 cc. sample was used for the deter- 
mination of the non-protein nitrogenous compounds. The 
content of the fractions so obtained Avas determined by the micro-Kje a 
method, with the digestion mixture recommended by Rinehart el^ o. 
(14). All fractions Avere calculated as nitrogen. The data Avere ana 
statistically according to the methods of Fisher (15). 

Results 

In Table I are presented the mean A-alues of the 
fractions in the plasma of guinea pigs receiA-ing “normal” diets as 
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(o) the stock diet composed of rolled barley, greens, iodized salt, straw, 
and water ad libilum, and (h) a raw milk diet for 70 weeks. As was ex- 
pected, the distribution of the plasma proteins remained essentially un- 
changed during the period investigated. In those animals receiving the 
raw milk diet a slightly (but not significantly) higher concentration of all 
the fractions with the exception of the globulin fraction was found. The 


Table I 

Distribution of Nitrogen in Plasma of Guinea Pigs Receiving Slock Diet 


Age 

No, o! 
determina- 
tions 


^fe^n and standard error, mg. per 100 cc. 



Total N 

Total 
protein N 

Non- 
protein N 

Albumin 

N 

Globulin 

N 

Globulin 

BH 

5 

719 db 17 

691 ± 16 

28 ± 3 

357, ± 36 

334 ± 34 

1.07 

HH 

5 

684 ± 13 

663 ± 15 

21 ± 3 


356 ± 52 



15 

749 ± 14 

721 ± 16 

28 ± 2 



0.95 

72 

10 

707 ± 52 


68 ± 4 

319 ± 31 


1.00 

72* 

10 

842 =h 69 

759 ± 67 

83 ± 5 


348 ± 37 

1.18 


* This group of animals had received a raw milk diet for 70 weeks. 


T.ablb II 

Distribution oj .N itrogen in Plasma of Guinea Pigs Receiving Diet Deficient in Anti- 
_______ stiffness Factor 


Age 

Time on 
diet 

Xo, of 
determiv 
nations 

Mean and standard error, mg. per 100 cc. 

Albumin 

Total N 

Total 
protein N 

Non- 
protein N 

Albumin 

N 

Globulin 

N 

Globulin 

mm 

zvks. 








Hi 

1 

15 

749 ± 23 

684 db 27 

56 ± 4 

228 ± 27 

466 ± 31 

0.49 

IB 

2 

15 

844 ± 16 

781 ± 19 

58 ± 3 

345 ± 16 

441 ±26 

0.65 

mm 

3 

15 

795 ± 15 


45 ± 4 


548 ± 32 


20 

7 

8 

911 ± 26 

827 ± 26 

84 ±13 

215 ± 31 

612 ± 38 

0.35 

41 

28 

15 

923 ± 22 

855 ±23 

67 ± 3 

224 ± 42 

631 ± 48 


70 

57 

16 


816 ± 29 

82 ± 3 

298 ± 37 

533 ± 45 

m 


albumin-globulin ratio was higher in these animals than in those on the 
stock diet. 

Values for the protein distribution in animals raised on a deficient diet 
are given in Table II. The total protein nitrogen showed a significant 
increase during the deficiency. This was mainlj’^ due to an increase in 
the globulin and non-protein nitrogen fraction. The albumin nitrogen 
was sigmficantlj’' lower in the deficient animals than in the normal ones. 
As a consequence the albumin-globulin ratio was much lower in the de- 
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ficient ammals than in the normal ones, a difference which was already 
evident in the 1 st week after the animals had been started on the sHm 
milk diet. 

It was shown previously that an abnormal distribution of the acid- 
soluble P in the liver and kidneys of deficient animals could be restored 
to normal by the admuustration of the antistiffness factor in five con- 


Table III 


Effect of Cure tcith Anlistiffness Factor on Distribution of Plasma Nitrogen lOf 


Experiment No. 

u 

to 

< 

e 

o 

tf 

B 

Deficient 

Supplement of antistiffness factor 

No. of determinations 

Jlean rfc standard error, 
mg. per 100 cc. 

I 


c 

c 

ta 

o 

sS 

a 

No. of determinations 

Mean =fc standard error, 
mg. per 100 cc. 

•S!— 

Ifo 

<15 

Total N 

Total protein N 

z 

c 

o 

& 

c 

s 

Albumin N 

z 

£ 

3 

o 

O 

C 

i 

< 

.5 

3 

o 

U 

Total N 

z 

.£ 

‘C 

o 

a 

3 

Non-protein N 

Albumin N 

z 

c 

3 

.a 

o 

5 

■ 

Vfks. 

Vfhs, 







~ 


y 

I 







D 

20 

7 

8 

911 

827 

84 

215 

612 

0.35 




823 

86 

224 

599 

0.37 





±26 

±26 

±13 

d;31 

=b38 




M 

Bh 

±47 

±9 

±49 

±45 


2 

32 

19 

5 

870 

779 

91 

213 

567 

0.37 




841 

79 

296 

544 

wmum 





±18 

±20 

ri:8 

±69 

±74 





±22 

±22 

±1 

igM 

±31 



32 

19 









5t 

5 

901 

821 


337 

480 















±33 

±34 

±3 

±35 

±85 


3 

81 

68 

8 

990 

884 

106 

204 

680 

0.30 


m 

Eiigl 

718 

8»' 


358 

1.00 





±20 

±21 

±10 

±30 

±45 





±26 



±25 




81 

68 










8 

^^1 

758 

82 

68 

341 

1.18 














BBBI 

±20 

±1 




4 

23 

10 









111 

14 

887 

816 

71 

402 

413 

yKn 














±11 

±11 

±3 

±21: 

tl9 




» Administered in daily dosages of 0.1 y during the last 5 days of the experiment, 
t Administered in daily dosages of 1 y during the lost 5 days of the experiment, 
t Administered in daily dosages of I y during the last 60 days of the e.xperiment. 
§ Administered in daily dosages of 1 y during the last 100 days of the experiment. 
|] Administered every other day during the experiment. 


secutive dosages of 100 to 1000 units (0.1 to 1 7 ). It can be seen from 
Experiments 1 and 2 reported in Table III that there is no speedy recoveiy 
in the abnormal protein distribution following the administration of this 
factor. The influence of the antistiffness factor in the dosages employee! 
here is slight, although some improvement can be noted. If, however, t e 
antistiffness factor is given for a longer period (Experiment 3 of Table U), 
a return to normal condition results. An abnormal distribution of t e 


























W. J. VAN -VVAOTKNDONK AND I-. D. ZIM. 


2r.i 


Ecnim proteins can be pi'ovcnteil by iv contimions nchninistration of the 
factor, as is clearly (leinonstratecl in Kxporiment 4. 

DISCUSSION 

Abnormalities in the protein distribution in tho plasma am important 
if considered in conjunction with abnormal values for other blood con- 
stituents, in particular tho chanRCS which may occur in the plasma calcium 
and plasma phosphorus. In a preceding paper of this series (11) high 
values for tho plasma calcium and tho plasma phosphorus during tho 
deficiency of tho antistilTness factor were reported. It was now found that 
this high calcium and phosphorus content was accompanied by a low 
albumin-globulin ratio. Tho albumin concentration was lowomd far below 
normal in deficient animals. 

In contrast to tho immediate i-estoration of the easily liydiDlyzablo I* 
fraction in tho liver to tho original level after administration of tho anti- 
stiffness factor to deficient animals tho protein distribution is normalired 
only after a prolonged treatment. A healthy condition in tho liver is a 
prcrcciuisito for tho direction of tho protein synthesis into normal ehnnnels. 
That this condition is not immediately attained after administration of 
tho factor is evident from the experiments roiiorted here and is in neeoixlaneo 
with tho findings imported earlier (10). For although the fraction of 
easily hydrolyzable P I'oturned to normal after administration of the 
factor, a high concentration of inorganic P was still evident . The abnorma 
distribution of tho serum proteins is theroforo jirobably a secondary 
S3Tnptom of tho defioicnoJ^ Owing to tho effect of tho deficienc.v on t w 
phosphorus metabolism in tho liver, tho heiiatio function is damagec , 
rc.sulting in deranged protein synthesis. 

About 02 per cent of tho total calcium found in tho plasma is |nvst n as 
diffusible calcium (10). Evidence points to the fact that the serum 
albumin rather than tlio serum globulin contributes most largel,\ to t le 
binding of calcium. Gunther and Gmenberg (17) noted that the albumin 
and calcium content deoroased simultaneousl,v during jaundice am mo 
plastic diseases. C.sapo and Faubl (18) and llendicn and , napjar ( . 
came to tho conclusion that tho non-diffusiblo calcium is comp eti' \ um ( i 
with the albumin. Tho level of the serum protein concentration eontiilmles 
toward tho height of the serum ealeium. A high level of the seium j'lo ( in 
is usually as.soeiated with an inei-ea.sed level of scrum ealeium. ‘ ‘ ' 
crea-so of tho amount of serum ealeium in ca-ses of Plight .s ( im.isc p.u.i ( 
tho reduction in tho content of the serum proteins. , i • » . 

In tho animal deficient in the antistiffness factor a somewhat uglier 
calcium level is associated with a high jirotein level, llowei ( i , le a 
concentration is greatlj' decreased during the deficiene\ ( ise.ise. 
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amount of calcium bound to the albumin must, therefore, have decreased 
accordingly. Since the calcium concentration is higher than in the normal 
animal, a higher concentration of the unbound calcium must be present 
in the blood. Also a significant increase of inorganic phosphate takes place 
during the deficiency. The conditions for the formation of a colloidal 
form of calcium phosphate are therefore favorable, as was demonstrated 
by Scholtz (20), Laskowski (21), and Greenberg ct al. (22). 

It is now possible to integrate to some extent the disturbances caused 
by a deficiency of the antistiffness factor. Apparently an early symptom 
of the deficiency is the rapid decrease in easily hydrolyzable phosphorus 
in the liver and kidneys. As a result of this the mercuric-insoluble phos- 
phorus and the inorganic phosphate increase. Some of the excess of the 
inorganic phosphate is excreted in the urine. Owing to this change in P 
metabolism, the normal hepatic function is disturbed, resulting in a de- 
ranged protein synthesis. In the muscle the adenosine triphosphate and 
the creatine phosphate concentrations are lowered, while the inorganic 
phosphate is increased (23). The alkaline serum phosphatase activity 
is also lower during the deficiency. While the total calcium concentration 
does not increase materially, the concentration of the unbound calcium 
increases o\ving to a lower level of the albumin fraction. As a result of 
the higher concentrations of calcium and inorganic phosphate in the 
blood and tissues, colloidal calcium phosphate is formed which may precip- 
itate whenever the conditions are favorable for such a reaction. 

It is realized that no satisfactory answer has been given as to the mode 
of action of this compound (enzyme or coenzyme?). These questions 
cannot be answered until the antistiffness factor has been identified. Work 
along this line is in progress. 


SUMMARY 

Significant changes in the plasma protein distribution take place dunng 
a deficiency of the antistiffness factor. The total plasma nitrogen shows 
a significant increase due mainly to the rise in globulin nitrogen content. 
The albumin nitrogen concentration on the other hand decreases. As a 
result the albumin-globulin ratio is much lower in the plasma of deficien 
guinea pigs than in that of normal animals. A return to normal values is 
evident only after a prolonged administration of the antistiffness ac or. 
The implications of these changes are discussed. 
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waxes ether-soluble constituents of the 

and b -o II u ^ * bactena and have been isolated and studied by Anderson 

to b^vd!^^''^ T d “ycobc acids have been found 

&eTn foi composition 

acid-fasWe +b^ different acid-fast bacteria. The mycobc acids are 
of thic! ’ ' ’ <■ responsible for the characteristic staining properties 
c mpounTl d^t-rm^ation of the structure ofthie 

direction tith o d^""^ “^P^^ant but difficult matter and the work in thE 
Selnr A / 7 proceeded very far. 

acids at enough to place a number of mycolic 

disposal for monolayer and x-ray studies. 

carrie,°S- compound isolated from the human tubercle bacillus 

cames this name only; those from other acid-fast bacteria are denoted by 

comnnQuf according to Stodola, Lesuk, and Anderson (1) the 

one earhn°"i or CssHireOi. The oxygen atoms are present as 

at 54 _kro^ j hydroxyl, and one methoxyl group. Mycolic acid melts 
and the specific rotation (in chloroform) is [a] = 4- 1.8°. The 

n,ppearance of a white amorphous powder. On heating 
and^A ^d pressure at SOO-SSO”, n-hexacosanoic acid distils off. Lesuk 
cni; prepared normycolic acid by reduction of diiodonormy- 

am were able to isolate from the reaction product also a small 

wp°b? ^ monohydroxymonocarboxylic acid with a higher molecular 
corn original mycolic acid. The acid had the approximate 

Le C104H208O3 and gave n-he.xacosanoic acid on p3TOl3isis. 

su and Anderson concluded that the original mycolic acid probably 
on umed two acids with veiy similar solubility properties. The relative 
that °tb*°n°^ ®°mponents is as 3'et unknoira; t.c., it is not certain 

M-ith b^ regarded as a minor impurit3’. On oxidation 

nnd ucid mycolic acid gave stearic acid, 7 i-he.xacosanoic acid, 

1 , 16 -hexadecanedicarboxylic acid. 

EXPERIMENT.AI, 

— The tecimique has been described previouch' 

)• The melting point of the specimen of m3'colic acid used was given 
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as 55-56°. The oxygen content of the sample was checked by a micro- 
analytical determination of oxygen by the Schiitze-Unterzaucher method (7). 

Analysis — CssHitsO* (1296). Calculated, O 4.93; found, 0 4.86. 

Spreading was effected from a solution in petroleum ether (b.p. 60-80°). 
The area values have been calculated with the formula C8sIIi7604. 

The force-area cuiAms for mycolic acid in the undissociated state at 
different temperatures are shown in Fig. 1. At temperatures below 35 



Fig. 1. Force-area curves for mycolic acid monolayers at different temperatur 
when spread on 0.01 n hydrochloric acid. 


mycolic acid forms a plastic solid film which is very unstable even a ^ 
lowest surface pressures. Above this temperature expansion ta 'cs p ac 
and the expanded monolayer is more stable. At 40°, the limiting a 
is 106 sq. A and transition into the condensed state starts at an 
90 sq. A and a pressure of 2.5 dynes. The monolayer is reasona y s 
up to about 7 dynes pressure, but above this point a gradua co ^ 
in. In the expanded region below 2.5 dynes pressure t e mon 
liquid but rather idscous and begins to show elastic proper jjjgg 

below the transition point. Although even 

the liquid-expanded tj-pe (8), it is doubtful whether it i J j 

at the limiting area. After the transition the monolayer gradua y 
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ifies to an elastic solid. On reexpansion from 10 d 3 Ties pressure the force- 
area curve falls below that obtained on the’ original compression, indicating 
that an irreversible partial collapse has taken place. The limiting area 
and the lower part of the force-area curve are reproducible -within less than 
2 per cent in different runs. At 50° the monolayer is fully e.xpanded. The 
temperature of half expansion under 1.5 dynes pressure is about 41°. 

The results obtained -with the Langmuir-Adam balance were checked 
by a series of experiments with a recording surface balance of the Wil- 
helmy-Dervichian type (9). 

The beha-idor of mj^olic acid monolayers on different substrates at a 
temperature of 45° has been studied. The force-area curve is only very 
slightly changed by a change in the hydrogen ion concentration of the 
substrate, but there is a small increase- in the limiting area on 0.01 N 
sodium hydroxide. Barium ions in a neutral substrate (BaCb, 3 X 10“^ m; 
KHCOa, 4 X 10~“ m) have a slight condensing effect. 

Although at 20° the monolayer is very imstable and the pressure after 
a compression rapidly falls nearly to zero, it was found that the surface 
potential first rises and then, on further reduction of the area, attains a 
constant value. This “saturation” potential is usually constant -nithin 
10 millivolts for different parts of the film, and the values found in different 
runs usually agreed within 15 millivolts, although sometimes larger de-^da- 
tions were foxmd. The saturation potential for mycolic acid at different 
pH values is sho\vn in Fig. 2. The substrates having a pH of 2 or lower 
consisted of hydrochloric acid in appropriate concentration, from pH 3 
to 11 they consisted of a universal buffer (10), diluted 10 times, and the 
substrate of pH 12 was made up of 0.01 N sodium hydroxide. The \ alues 
for the normal chain myristic acid given by Schulman and Hughes (11), 
who employed a similar procedure of measuring the potential of a surface 
excess of the substance, are also included in Fig. 2 for comparison. 

The surface potential of undissociated mycolic acid is about the pme, 
400 millivolts, as that of the normal chain myiistic acid.^ The ^e m 
potential observed for normal chain acids on very strong acid (4 n j ro 
chloric acid) is probably due to oxonium complex formation (11). ^ 

three polar groups of mycolic acid are all capable of o.xonium comp e.x 
formation, but in spite of this we found no rise in the surface^ potentia m 
this region. At pH values higher than 4 the surface potentia a s as a 
result of ionization. Above pH 10 the acid is fuUy ionized and the surface 
potential remains fairly constant at about 100 millivolts. As t 
potential of hydroxyl and methoxyl groups is constant between pH 2 and 
10 (11), the change in potential is entii-ely due to ionization of the carboxTi 
group, provided that there is no change in potential in this region ue o 
reorientation of the hydroxyl or metho.xyl groups. As the tj-pe ot mono- 



layer remaias apparently the same, reorientation is not likely and the pH 
value at the point of inflection of the surface potential-pH curve thus prob- 
ably corresponds to the point of half dissociation of mycolic acid, i.e., to 
the (monolayer) dissociation constant. Mycolic acid ^vith a pK (mono- 
layer) of about 7.5 thus appears to be an acid of about the same strength 
as the normal chain myristic acid. 

Attempts to build multilayers of mycolic acid with various substrates 
and temperatures were unsuccessful. 



Fia. 2. Variation of "saturation potential" with pH of substrate for mycolic acid 
monolayers at 20°. The values for the normal chain myristic acid given by Schulman 
and Hughes (11) are shown in the dash line curve. 


It is remarkable that the large mycolic acid molecule which contains on y 
4 oxygen atoms, distributed udthin three different polar groups, 
carbon atoms, forms a monolayer of the liquid-expanded type. Lk^i 
expanded monolayers showing sharp transition points have as yet een 
found among branched chain compounds only if the molecule has a ong 
chain tvith comparatively short branches. It. is evident that the 
group anchors the molecule to the surface but it appears very un 
that the carboxyl group alone would be sufficient to cause spreading. 
structure of the molecule therefore probably allows access to the wa r 
at least one of the other polar groups. The monolayer experimen 
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show that the cross-section of the molecule at no part of its length can be 
larger than that occupied by three parallel hydrocarbon chains. 

X-Ray Investigation — Specimens of mycolic acid suitable for x-ray in- 
vestigation were prepared by carefully, pressing a small amount of the acid 
onto a small glass slide (6 X 20 mm.) or melting the acid onto glass by 
means of the hot wire technique (12). The x-ray investigation was carried 
out in the usual manner \vith nickel-filtered copper Ka radiation (13). The 
distance from specimen to photographic fihn was 10.0 cm. 

The diffraction pattern of a pressed specimen of the acid (as received or 
reprecipitated from solvents) showed three side spacings of 4.58, 3.86, 
and 3.57 A respectively. The 4.58 A spacing was strong and fairly sharp, 
the two others weaker (3.57 A .weakest) and somewhat diffuse. In spite 
of very long exposures no trace of a long spacing was observed. It is 



Fig. 3. Approximate relative intensities of the 001 reflections of the o form of 

mycolic acid. Intensity of the first order was difficult to estimate owing to es rong 

background around the central spot resulting from the long exposures nee e 


evident that, probably also due to the inhomogeneity of the acid, the tend- 
ency to crystallize is poor. A specimen that had been melted onto 
showed only one very broad and diffuse side spacing of about 4.2 , u 

long exposure (more than 20 hours m’th a Philips type 25 101 tu e runnmg 
at 30 kilovolts and 20 milliamperes) also brought out a seri^ of ordere or 
a very long spacing of 100 d= 1.5 A. The estimated relative mtensities 
of the latter are recorded in Fig. 3. These might be useful for checki^ 
any proposed structure for mycolic acid. At present too itt e ^ ° ^ 

about the crystalline arrangement and the structure of t e mo ecu e o 


make any calculations profitable. .. . 

These results suggest that the acid exists in two c^^stallme modification 
The behavior of mycolic acid on melting supports^ this cone u^ion. 
heating a specimen of the acid (obtained by precipitation rom so ' ® 
in a capillary tube at a rate of 1° every 5 minutes, a slig sin enng 
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at 52-53°. Above 55° the material becomes increasiiigl 5 ^ transparent and 
it is fully transparent at about 56.5°, but does not liquefy completely until 
a temperature of about 58° is reached. On cooling the melt, the exact 
point of solidification is difficult to determine, but the material is still 
fully transparent at 53°. On further cooling the material becomes trans- 
lucent rather than transparent and retains this appearance on being kept 
at room temperature. 

The thermal behaxuor of mycolic acid may be compared with that of 
long normal chain hydrocarbons. At lower temperature these exist in 
opaque crystalline forms with vertical or tilted, non-rotating chains 
(14, 15). At a temperature a few degrees below the melting point a transi- 
tion occurs to a transparent form. The .series of side spacings given by 
the opaque form disappears in favor of a single side spacing of 4.1 to 4.2 
A, but for the opaque form in which the chains are vertical (normal or 
A form) there is no appreciable change in the long spacing. In the trans- 
parent form thus obtained the chains are vertical and rotating and as 
a result the packing of the chains shows a higher (hexagonal) sjTnmetrj' 
(14). The single side spacing of about 4.2 A is typical for rotating or in 
the solid state randomly distributed hydrocarbon chains (smectic state 
(16)). The transparent a forms of ethyl esters and gfycerides belong to 
this class. In these cases the chains are always vertical. 

Applied to m 3 ’'coIic acid the above would suggest the following. Mycolic 
acid obtained from solvents crystallizes in a non-rotatipg, opaque form. 
The crystallites are probably very small and it cannot be decided whether 
the chains are vertical or tilted. On heating above 52°, there is a gradual 
change to a transparent form with vertical rotating chains which is fully 
developed before final melting sets in. On cooling the acid first solidifies 
in this transparent a form. On further cooling below 53° the material 
becomes translucent rather than transparent and it is probable that at 
lower temperatures the chains are no longer rotating but that the high ws- 
cosity of the material prevents the large and awkwardly shaped molecules 
from taking up a more orderly arrangement and the molecules are therefore 
simply “frozen” with vertical chains arranged in a random fashion, m 
view of the fact that mycolic acid is probably inhomogeneous it might 
pointed out that the presence of homologous impurities tends to stab' re 
otherwise metastable a forms (15). The long spacing of 100 A given J 
melted specimens of mycolic acid therefore most probably correspon n 
the length of one or two mycolic acid molecules, depending on w e 
the arrangement is one with single or double molecules respectir e j . - 
layers with vertically oriented rotating or randomly distributed ^ 

would behave optically as a uniaxial crystal, specimens prepare ^ , 

techmque described by Bernal and Crowfoot (12) were examined m poian 
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light. It was found impossible to prepare specimens that were sufiSciently 
well oriented, however, and no definite conclusion could be draum from the 
optical e.vamination. It appears safe, however, to conclude that the length 
of the mycolic acid molecule is either 50 or 100 A. Carboxylic acids have pre- 
wously always bpen found to crystallize with a double molecule arrangement. 
Mycolic acid possesses 87 carbon atoms in the hydrocarbon chain. An im- 
branched hydrocarbon chain containing this number of carbon atoms 
would have a length of 111 A and a length of the molecule in the cr 3 "stal 
of only 50 A would require some form of “hairpin” molecule, somewhat 
resembling that of the .diglycerides. Opposed to this, as has been pointed 
out above, is the fact that up to now monolayers of the liquid-expanded 
type showing sharp transitions have only been given by branched chain 
molecules that consist of a long chain with only short side chains. 

It might be possible to settle this question by an x-ray investigation of 
suitable derivatives of mycolic acid. 

We are greatly indebted to Professor R. J. Anderson for providing us 
with a sample of mycolic acid and for his interest in the work. Financial 
support from the National Swedish Antituberculosis Association and the 
Rockefeller Foundation is gratefully acknowledged. 

SUMMARY 

Mycolic acid gives monolayers resembling the liquid-expanded type with 
a temperature of half expansion of 41°. The monolayer is unstable when 
the area per molecule is reduced below 60 sq. A,. Mycolic acid is micro- 
crystalline and specimens precipitated from solvents give x-ray diffraction 
patterns showing three side spacings of 4.58, 3.86, and 3.57 A respectively. 
Melted specimens show one very diffuse side spacing of 4.2 A and also 
several orders of a long spacing of 100 A. The behavior of the substance 
indicates that in the latter modification the molecules are vertical. The 
length of the molecule is therefore probably either 50 or 100 A, depending 
on whether the arrangement is one with single or double molecules. Fur- 
ther work on suitable derivatives is necessary to settle this question. 
Possibly due to inhomogeneity of the acid the tendencj' to crj stallize ^ 
poor and no long x-ray spacing has been obtained from specimens prepare 
from solvents. 
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PHENYL PANTOTHENONE, AN ANTAGONIST OF 
PANTOTHENIC ACID 

Bv D. W. WOOLLEY and M. L. COLLYEE 
{From the Laboratories of The Rockefeller Institute for Medical Research^ New York) 

(Received for publication, April 3, 1945) 

It has recently been shown that the ketone analogues of nicotinic acid 
(1) and of p-aminobenzoic acid (2) caused signs of deficiency of these 
vitamins in animals and bacteria, and that these effects of the ketones were 
overcome by simultaneous administration of increased quantities of the 
structurally related vitamins. It was therefore of interest to determine 
whether the exchange of a ketone group for a carboxyl grouP general 
method for the conversion of metabolites into inhibitory structural 
analogues (3). 

To this end ketone analogues of pantothenic acid have been synthesized 
and tested for their ability to cause signs of pantothenic acid deficiency. 
N-(Q:, 7 -Dihydroxy'/S,^-dimethylbutyryl)aminoethyl methyl ketone, the 
methyl ketone analogue, which may be called methyl pantothenone, tos 
deleterious to the growth of bacteria, but its effects were not erased j 
pantothenic acid. The corresponding phenyl ketone, however, did pro- 
duce reversible inhibition of microbial growth. This substance, vhic 

was N-(a,7-dihydroxy-/3,/3-dimethylbutyTyl)aminoethyl phenyl ketone, 

was called phenyl pantothenone. 

The synthesis of phenyl pantothenone presented some difficulties, smce 
aminoethyl phenyl ketone which should condense with the lactone ^ 
of pantothenic acid to yield the desired product was stable Y ^ ^ 

hydrochloride. The free amino ketone readily condensed with iteelf to 
yield both quinoline derivatives and chain polymers. ^ Three i 
schemes were devised to circumvent this obstacle and arrive at t e 
ketone. In the first method, aminoethyl phenyl ketone hydrochloride 
was allowed to react with an excess of a-hydro.xy-^,^-dimet y u yro 
lactone for a short period in alcoholic sodium hydroxide and t e rmx ur 
of substances which resulted was separated. Although this 
gave rather poor yields, it was the most convenient of the t ree m 
synthesis, since it provided pure phenyl pantothenone v it ou 
to elaborate purification. The second method of cons 

conversion of aminoethyl phenyl ketone hydrochloride to * ® ^ ™ ^ 
phenylhydrazone, condensation of the latter with the nec^ay ac on , 

and hydrolysis of the phenyl pantothenone p-nitrophenylhydrazone lo 
phenyl pantothenone. This procedure was unsuitable ecause o 
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difficulty mth which the first hydrazone reacted with the lactone, and 
more especially because of the ease with which the amide linkage of the 
phenyl pantothenone was split dming hydrotysis of the second hydrazone. 
The third method of synthesis involved the conversion of pantothenic 
acid to the corresponding diacetyl acid chloride, the condensation of this 
compound with benzene in the presence of aluminum chloride, and the 
removal of the acetyl radicals by differential hydrolysis. The yields by 
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Fic. 1. Routes of synthesis of phenyl pantothenone 

this method were good, but the product was contaminated with non 
nitrogenous material high in carbon which was removed with considera 
difficulty. The chemical transformations are depicted in Fig. 1- ^ , 

The structure of phenyl pantothenone obtained by the first an n 
methods was confirmed by degradation to aminoethyl phenyl 's 
hy'drochloride and a-hydroxy-(3,/S-dimethylbutyrolactone. 


EXPEKUIENTAL _ 

Methyl Panto/h cnonc— Aminoethjd methyl ketone ^as 

prepared from ;8-alanine according to the method of Keil ,(4)- 
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refluxed in methanol for 1 hour with 1 equivalent of Z-a-hydroxy'j3,(3- 
dimethylbutyrolactone* and 1 equivalent of N methanolic NaOH. A 
slight excess of N HCl was added to the cooled solution and the mixture 
was concentrated to half its volume under reduced pressure, and extracted 
with butanol. The butanol extracts when diied and concentrated left a 
liquid ketone. The material was not pure as judged by nitrogen content 
(found 7.0, calculated 6.5), but further purification was not possible. In 
view of the type of biological activity of the compound (see below) the 
synthesis was not investigated further. However, since an analogous 
reaction with aminoethyl phenyl ketone hydrochloride w'as shown to 
yield phenyl pantothenone, it was assumed that methyl pantothenone was 
contained in the preparation. 

Phenyl Pantothenone. From Aminoethyl Phenyl Ketone Hydroehlonde — 
1.85 gm. of aminoethyl phenyl ketone hydrochloride, prepared from 
alanine (5), and 1.50 gm. of Z-o;-hydroxy-^,/3'dimethylbutyrolactone were 
dissolved in 10 cc. of absolute methanol. The solution was heated to 
boiling and slowly treated with 10 cc. of N NaOH in absolute methanol. 
The mixture was refluxed for half an hour, cooled, treated with 15 cc. of 
aqueous n HCl, concentrated under reduced pressure to about 10 cc., and 
diluted with 15 cc. of water. The resulthig mi.xture was cooled and 
filtered from the ciystals which had separated.- The filtrate was extracted 
four times with ethyl acetate, and the extracts were dried with MgS 04 and 
freed of solvent under reduced pressure. The residue which remained 
Was taken up in 50 cc. of ab.solute ether, filtered, and the ether-soluble 
portion was shaken out with 50 cc. of cold n NaOH to rejnove unchanged 
lactone. The either phase was immediately dried with MgS04, and freed 
of ether under reduced pressure. 400 mg. of a liquid were obtained. 

C,tHj,0,N. Calculated, C 64.5, H 7.53; found, C 64.8, H 7.54 

When a 20 per cent solution in alcohol was stored for several days, white 
crystals slowly formed. These melted at 126°. The compound t'as 
moderately soluble in water and veiy soluble in alcohol. When it 
mixed Avith 1 equivalent of p-nitrophenylhydrazine in alcohol solution, and 

‘ We wish to thank Dr. R. T. Major of Merck and Company, Inc., for gifts of this 
compound. 

^The white needles which formed at this point melted at 192 and gave ana jses 
which corresponded to the formula CrsHrrOsN. This compound was quite ^ 

acid hydrolysis. It was inhibitory to the growth of all bacterial sp^ics used m ims 
Work but about 1 mg. per cc. was required for half maximal effect. Tow ar ^ ^ 

yeasts employed it was quite toxic (reduced growth to lialf the 
cc. for Saccharomyccs cerevtszae and at 2y for .^ndoinyccs iicr/ia/is). m in i i ion 

growth was not relieved by pantothenic acid. The high activity against yeas s w 
shown to be associated largely with the low pll of the basal medium use or ic 
organisms. 
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water was added, a hydrazone separated. If the dilution with water was 
not carried out very slowly, the hydrazone formed as an oil which solidified 
only with difficulty. The derivative began to soften at 110° and melted 
at 118°. 


CsiHjjOsNi. Calculated, N 13.5; found, N 13.2 

From Aminoethyl Phenyl Ketone p-Nilrophenylhydrazone — 1.85 gm. of 
aminoethyl phenyl ketone hydrochloride dissolved in 4 cc. of alcohol were 
added to a solution of 1.53 gm. of p-nitrophenylhydrazine in 10 cc. of 
warm alcohol plus 2 drops of acetic acid. The solution was quickly treated 
with 1 gm. of anhydrous sodium acetate in 10 cc. of water. The crystals 
which separated during storage in the cold were collected and recrystallized 
from alcohol. 1.9 gm.; m.p. 241-243°. 


Ci 5 Hi(OsN 4 . Calculated, N 19.7; found, N 19.7 


1 gm. of the above hydrazone and 2 gm. of Z-a-hydroxy-/S,/9-dimethyl- 
butyrolactone were sealed in a tube and heated for 3 hours in an oil bath 
at 135°. The reaction mixture was then extracted with 50 cc. of ethanol. 
430 mg. of unchanged aminoethyl phenyl ketone p-nitrophenylhydrazone, 
m.p. 243°, remained undissolved. The alcohol extract was concentrated 
imder reduced pressure and diluted with an equal volume of water. Here, 
as in the preparation of phenyl pantothenone p-nitrophenylhydrazone 
described above, it tvas necessary to add the water slowly if formation of 
an oily precipitate was to be avoided. The hydrazone was recrystalhzed 
and found to melt at 118° after softening at 109°. 

No very satisfactory method was encountered for the hydrolyas o 
the hydrazone to phenyl pantothenone, but small amounts of biologically 
active material were obtained by refluxing a solution of the hydrazone m 
acetone plus 1 drop of concentrated HCl for 15 minutes. The p-nitro- 
phenylhydrazone of acetone (m.p. 144°) was separated from the pheny 
pantothenone by concentration of the solution and extraction with et er. 
The phenyl pantothenone was obtained in very small yield as a ye o 
liquid. Attempts to regenerate phenyl pantothenone by treatment o 
hydrazone with benzaldehyde and benzoic acid in aqueous suspension 


were not successful. . > 

From Pantothenic Acid — 5 gm. of calcium d-pantothenate were ^ 
in water and freed of calcium ion exactly with oxalic acid. The ' 
of pantothenic acid was then concentrated’ at low temperature to 
The residual syrup was dissolved in 50 cc. of acetic anhydride plus 
of dry pyridine and allowed to stand overnight. The excess reagen 

’All evaporations described in this section were carried out under re 


pressure. 
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remoA^ed under reduced pressure, and the acetylation Avas repeated. 
The excess reagents Avere again removed and the last traces AA'ere distilled 
off AAith anhydrous benzene. The syrupy residue Avas dissolved in 50 cc. 
of diy ether and alloAA'ed to react at room temperature AA-ith 5 gm. of 
PCI 5 . The excess reagent AA’as filtered off and the filtrate Avas evaporated. 
The residue aa'os dissolved in dry benzene, concentrated to dryness, and 
dissolved in 50 cc. of dry benzene. The solution AA-as treated AAith 5 gm. 
of AICI 3 , and the mixture Avas reflu.xed for an hour. The cooled reaction 
product AA'as shaken AAdth 100 cc. of n HCl, and the organic phase Avas 
diluted AAith ether and extracted Avith Avater, then AAuth sodium carbon- 
ate solution (to remove unchanged pantothenic and acetyl pantothenic 
acids), and dried Avith MgSO^. After the solvent Avas removed, the residue 
Avas dissolved in 50 cc. of n methanolic NaOH, and alloAved to stand at 
room temperature for 2 hours. 60 cc. of n aqueous HCl AA’ere added and 
the methanol Avas removed under reduced pressure. The aqueous solu- 
tion Avas then extracted four times Avith ethyl acetate, the extracts Avere 
dried AAith MgSO^, and the preparation Avas freed of solvents. 3.6 gm. 
of a broAvnish oil AA’ere obtained. Although the per cent of C aa’es too 
high and the N too Ioav for this material to be pure phenyl pantothenone, 
the preparation A\’as biologically active against Laciobacillus casei and 
Bndomyces vemalis in amounts nearly the same as the effective doses of 
pure phenyl pantothenone. A difficultly crystallizable p-nitrophenylhy- 
drazone Avas obtained from it AA'hich softened at 110° and melted at 116°. 
Finally, acid hydrolysis (see beloAA') led to the isolation of aminoethyl phenyl 
ketone hydrochloride and a-hydroxy-^,/S-dimethylbutyrolactone in good 
yield. 

Hydrolysis of Phenyl Pantothenone — 560 mg. of pure phenyl pantothenone 
obtained by the first method of synthesis Avere dissolved in 25 cc. of 
N HCl in 50 per cent alcohol, and the solution aa’Rs refluxed for 2 hours. 
The alcohol Avas removed under reduced pressure, and the aqueous solution 
AVas filtered to remove a small amount of oil AA’hich had separated. It 
Avas then extracted four times AAith ethyl acetate, and the extract AA’as 
dried and evaporated. 340 mg. of long needles AA’ere obtained AA’hich, 
after reeiystallization from ether-petroleum ether, melted at 87°. The 
melting point Avas not depressed AA’hen the compound AA’as mixed AA’ith 
authentic f-a-hydroxy-/3 ,|3-dimethylbutyrolactone. 

The aqueous residue from the ethyl acetate e.xtraction aa’rs concentrated 
Under reduced pressure and the residue Avas ciystallized from alcohol. 
320 mg. of Avhite ciystals AA’ere obtained AA’hich melted at 109 , and at the 
Same temperature AA’hen mixed AA’ith authentic aminoethyl phenyl ketone 
hydrochloride. The p-nitrophenylhydrazone AA’as qiaringlj’ soluble in 
alcohol and melted at 238°. 
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Similar operations performed on 740 mg. of the crude phenyl pantotbe- 
none obtained by the third method of synthesis yielded 172 mg. of tho 
lactone which melted at 89°. 

CcHicOj. Calculated, C 55.4, II 7.7; found, C 55.5, H 7.7 

340 mg. of aminoethj'I phenyl ketone hydrochloride, m.p. 107°, and p- 
nitrophenylhydrazone, m.p. 243°, were also obtained. 

Method of Microbiological Tests — All of the bacterial species were culti- 
vated in the highly purified pantothenic acid-free medium of bandy and 
Dicken (6). For the yeasts, the synthetic basal medium described pre- 
viously (7) was used, except that thiamine was added and pantothenic 
acid was omitted. The inoculum in all instances was prepared by washing 
cells from a vigorously growing culture of the organisms with buffer, 
and diluting 50-fold. Graded amounts of pantothenic acid and of phenyl 
pantothenone were added to a series of tubes of basal medium; tiie tubes 
were sterilized in an autoclave at 15 pounds pressure for 15 minutes, cooled, 
and inoculated. The yeasts were grown in 25 cc. Erlenmeyer flasks and 
the bacteria were cultured in test-tubes. In alt cases the final volume of 
medium in each tube or flask was 5 cc. Incubation was conducted at 3/ 
(30° for Sacchaimnyces ccrcvisiac and Lactobacillus arabinosus) until good 
growth was obtained (24 to 48 houm, depending on the organism). Growtii 
was then estimated turbidimetrically in the usual way in an Er’elyJi 
photoelectric colorimeter. The results were also checked by measurement 
of the pH of the cultures in the cases of those species whicti produced acid. 
Curves were drawn relating growth to amount of phenyl pantothenone 
added at a given constant level of pantothenic acid, and from these cunes 
the amount of agent necessary to reduce growth to half ma.\’imum nos 
determined. Graded amounts of phenyl pantothenone were tested a 
each of several levels of pantothenic acid, the highest of which was ob'Jl® 
sufficient to insure that any reversal of the inhibition would be rea i J 
apparent. This amount was usually 100 y per cc. . 

Inhibition of Microbial Growth with Phenyl Pantothenone eon 
seen from the data in Table I, phenyl pantothenone was active in 
vention of grourih of Lactobacillus casei. Table II will shov t a 
microbial species tested were inhibited in grow'th by the compound. 

Reversal of Inhibifonj Effect unth Pantothenic Acid — It can be seen r ^ 
the data in Table I that the inhibition of growth of Lactobacillus 
relieved by an increase in the amount of pantothenic acid in t e . jj. 

This was also found to be tine for Lactobacillus arabinosus and for 
streptococcus strain 0-90. Both of these species required 
acid as a growth factor in the medium. For the other forms, r 
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exception of Staphylococcus aureus,* Avliich did not need pantothenic acid 
prefonned, the inhibition of groAvth Avas not influenced by increases in the 


Table I 


Inhibition of Growth of Lactobacillus casei by Phenyl Pantothcnonc and Its 
Reversal with Pantothenie Aeid 


Fantotbesic add 

Phenyl pantothenone 1 

. 

Colorimeter reading 

7 fer cc. 

7 per cc. 


o.w 

0 

37 

0.20 

0 

36 

o.ot 

110 

90 

0.04 1 

66 1 

85 

0.04 

44 

40 

0.04 1 

22 

34 

0.08 

110 

79 

0.08 1 

66 

58 

0.08 

44 

40 

0.20 

110 

43 

Table II 


Amounts of Phenyl Pantothenone Required to Reduce Growth of Various Altcroorgantsms 
to Half Maximum in Presence of OM y of Pantothenic Acid per Cc. 


Organism 

Phenyl 

pantothe' 

none 

Reversal 
by pan- 
tothenie 
acid 

1 PaDtotlienic acid requirement 

hactobacilliLs casei 

7 per cc. 

54 

Yes 

Required 

“ arabinosus 

180 

«( 


Hemolytic streptococcus, strain 

0-90 (Group B) 

60 

<1 

1 ** 

■ Not required 

Escherichia coli 

2000* 1 

No 

Staphylococcus aureus 

140 I 

Yes 

“ " but slightly 

Saccharomyces cerevisiac 

33 ' 

No 

stimulatory 

Required but replaceable 

Endotnyces vernalis 

39 

“ 1 

by /S-alanine 

Not required 


* Complete inhibition of growth was not obtaincti witli tliis organism. 


pantothenic acid content of the medium. In this connection it is ne o 
note that Saccharomyces cercthsiae, AA’hich can use ^-alanine m p ace o 
pantothenic acid, belonged to the second category. 


* The strain of Staphylococcus aureus grow well without enic i ’ , 

stimulated to grow appreciably more by this vitamin. The effect o p cn3 p 

none was completely reversed by pantothenic acid. 
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PHENTIi PANTOTHENONE 


StiTnuldtioTi of Growth hy Phonyl PontothonoTic — S\ibinliibitory ainoiints 
of phenyl pantothenone caused slight, but consistent, increases in growth 
over the controls of several of the organisms examined. This was similar 
to the stimulatory effects observed avith other inhibitory analogues of 
metabolites (7, 8). 

Effects of Aminoethyl Phenyl Ketone — Since the structural alteration 
involved in passing from pantothenic acid to phenyl pantothenone was in 
the /3-alanine portion of the molecule, it was of interest to determine the 
growth-inhibitory action of aminoethyl phenyl ketone. This was especially 
true in the case of Saccharomyces cerevisiae for which /3-alanine sufficed as 
a growth factor. Although all of the microbial species tested were inhibited 
in growth when the ketone was added to the media before sterilization by 
autoclaving, this effect was shown to be due to the formation of a harmful 
material by interaction of the constituents of the hasal media mth the 
ketone at high temperature. When the ketone was added aseptically 
after autoclaving, it was not deleterious to growth in concentrations 
similar to those of phenyl pantothenone. The inhibition of growth 
observed wdth the media which had been autoclaved -with the aminoethyl 
phenyl ketone hydrochloride was not reversed by either pantothenic 
acid or d-alanine. 

Growth-Inhibitory and Growth-Stimulatory Action of Crude Methyl 
Pantothenone — The impure preparation of methyl pantothenone reduced 
growth of Lactobacillus casei and Saccharomyces cerevisiae to half maximum 
at 0.1 to 0.5 mg. per cc. of medium, but this action was not reversed by 
increased pantothenic acid. On the other hand, wheu assayed for panto- 
thenic acid activity with either Lactobacillus casei or Saccharomyces 
cerevisiae the material was found to be 1 per cent as active as the vitamin. 

DISCUSSION 

The action of phenyl pantothenone in causing reversible inhibition of 
microbial growth when viewed in conjunction ivith the effects observe 
with 3-acetylpyridine and p-aminoacetophenone (1, 2) makes it seem pm 
able that the exchange of a ketone for a carboxyl group is a genera 
method for the conversion of metabolically active compounds into antagon 
istic agents (3). These agents owe their action at least in part to the pm^ 
duction of deficiency of the metabolites to which they bear stnictura 
relationship. In the cases of nicotinic acid and p-aminobenzoic aci > 
antagonistic compounds were produced by the substitution of mo 
ketone groups for the — COOH. When a similar change was 
pantothenic acid (to give methyl pantothenone), little success 
It may be of value to note that in the two former instances the f 
attached to a negative, aromatic nucleus which may Confer certain 
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properties on the ketone, while in the latter instance the methyl panto- 
thenone has no adjacent negative group. Therefore the introduction of 
a negative group, as in the case of phenyl pantothenone, seemed desirable. 
This was the reasoning which led to the trial of this latter compound. 

The reversal of the inhibitory action of phenyl pantothenone by panto- 
thenic acid only in those organisms for which the vitamin is a nutritive 
essential is noteworthy.® With several antagonistic analogues, an effect 
is observed only in the case of organisms which require the related metab- 
olite preformed in the medium. Here, however, is an inhibitory analogue 
which was harmful to all species tested, but which was antagonized by the 
related vitamin only with those forms for which the vitamin was a growth 
factor. A similar situation has been recorded with glucoascorbic acid 
in animals. This substance caused a disease resembling scurvy in all 
species examined, but the effects of the agent were counteracted by ascorbic 
acid only in guinea pigs. This latter species was the only one which re- 
quired the vitamin in the diet (9, 10). 

SUMMARY 

Phenyl pantothenone, N-Cajq-'dihydroxy-iSj/S-dimethylbutyryllamino- 
ethyl phenyl ketone, the phenyl ketone analogue of pantothenic acid, has 
been synthesized by three separate procedures, and its structure confirmed 
by degradation to kno\vn compounds. This substance produced inhibition 
of gro’ivth of all microbial species tested. The action was reversed by 
increased pantothenic acid in the medium, but in general, only in the cases 
of organisms which required the vitamin preformed in the medium. 
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In a discussion of the analytical data available on proteins, Vickery (2) 
in 1941 stated that few values for glutamic and aspartic acids were worthy 
of serious consideration. Since that time, however, several prormsing 
methods for the chemical analysis of glutamic acid have appeared. ChibnaU 
and coworkers (3, 4), by improved methods of isolation, have reported 
values considered to be accurate within 2 per cent. Determinations have 
also been made bj' chromatographic adsorption (5, 6), by isotope ^ution 
(7), by enzymatic methods (8, 9), by calculation from electrometric titration 
and gasometric ninhydrin data (10), and by conversion to pyrrolidotie- 
carboxyUc acid (11). Although these methods are applicable to the study 
of pure proteins, they were too tedious and time-consuming for 
routine applications. Microbiological methods of assay (1,12-14) w c 
seemed to offer more assurance of usefulness in such studies were, therefore, 
undertaken. 

Since initiation of this ivork, Dunn ei al. (14) and Lyman ela . { ) aye 
described microbiological methods for the determination of g u^mic aci 
with a basal medium composed of amino acids, vitamins, purine 
salts. Lewis and Olcott (16) used a similar technique e.vcept that a sup- 
plemented “glutamic acid-free casein hydrolysate was su sti u e or 
the amino acid mixture. In each instance the assay organism was 
Lactobacillus arabinosus. All of these workers found t e u i za icm o 
glutamic acid by this microorganism to be somewhat unusua an i s 
assay slightly more difficult than that of other acids previous y repo e . 
It therefore seemed wmrth while to present additional da a pe men 
this method. 

31 aterials and 3Iethods 

3Iicroorganism — Lactobacillus arabinosus lr-5 was used 
Other microorganisms studied were L. pentosus 124- , • casei, 

conostoc mesenteroides P-60. 

* For Paper I of this series, see McMahan and Snell (1)- 
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Inoculum — ^The stock stab cultures were maintained on yeast extract- 
glucose agar (1 per cent glucose, 1 per cent yeast extract, and 1,5 per cent 
agar) as previously described (1). The inoculum for assay was gromi in 
a medium which contained per liter 5 gm. of Bacto-peptone, 1 gm. of 
Bacto-yeast extract, 10 gm. of sodium acetate, 10 gm. of glucose, and 
5 ml. each of inorganic Salt Solutions A and B. Daily transfers were made 
serially from the broth with but weekly reference to the stock culture. 
An 18 to 24 hour culture was centrifuged, washed once vith physiological 
saline, and resuspended in 10 ml. of saline. 1 drop of this suspension per 
2.5 ml. of assay medium was considered a “heavy” inoculum. When 
reference is made to a “light” inoculum, 3 to 7 drops of the above “heay” 
suspension were added to 10 ml. of saline. 1 drop of this material, which 
was just faintly turbid, was used per 2.5 ml. of assay medium. 

Basal Medium — The composition of the basal assaj’’ medium and the 
method of preparation of the stock solutions are given in Table I. This 
medium served as a basic one for study of the assay of several amino acids 
and differs from that of McMahan and Snell (1) primarily in the increased 
concentration of vitamins. Certain modifications in amino acid content 
which have been used in the assay of glutamic acid are also indicated. 

Standard Solution — Pure Z(+)-glutamic acid was used for all the stand- 
ard curves. 

Preparation of Samples — Thick walled Pyrex test-tubes which contains 
100 mg. of sample and 2 ml. of 10 per cent hydrochloric acid were sealed 
in an oxygen flame and autoclaved at 15 pounds pressure for 4 to 36 hoi^- 
The tubes were cooled, opened, and the hydrolysates washed out wi 
water. The solution was adjusted with sodium hydroxide to pH 6.1 to 
and diluted to the desired volume, usually 50 or 100 ml. 

Procedure — For assay, 125 ml. of the amino acid solution, 1 ml. o t e 
vitamin supplement, 2.5 ml. of Salts A, and 2.5 gm. of glucose constitu 
a double strength medium. This amount was sufficient for 
tubes if determinations were made turbidimetricallj' (final volume 2. 
or 50 tubes if analyses were made titrimetrically (final volume 5 m .)• 
dinarily the amoimt of sample to be analyzed or the standard ' ^ 
used was small enough so that its volume (less than 0.2 ml. P®'"’ 
medium) could be disregarded. The sample wms pipetted into t e o 
of the tube' and 2.5 ml. of basal medium were added. If it was 
to use samples larger than 0.2 ml., the volume in each tube was a i 
with water to 1.2 ml. and 1.2 ml." of the double strength basa m 

The 

* Serological Kahn pipettes graduated in 0.001 ml. were used for this operated 

end of the pipette was drawn out to a fine capillai?’- Such pipettes co 


easily and accurately with the finger. 

’ Kolmer pipettes designed for use in the complement fi-xation es 


and graduated 


in 1.2 ml. were used. 
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Table I 

Complele Basal Medium; Conccnlraiion per Ml. of Final Medium 


AzniDO acids 

Purines and pyrimidine 

1 




mt. 

l(-l-)-Arginine monohydrochloride. . .. 

0.1 

Adenine sulfate 

0.01 

Z(— )-Cystine 

0.1 

Guanine hydrochloride. 

0.01 


0.1 


0.01 

1 (— )-Histidine monohydrochloride 

0.1 

Xanthine 

0.01 

1(— )-Hydroxyproline 

0.1 



1(— )-Leucine 

0.1 

Salts A 


l(-)-)-Lysine monohydrochloride 

0.1 

KH.POi 

1.0 


0.1 

K.HPO, 

1.0 

1(— )-Tryptophane* 

0.1 



1(— )-Tyrosine 

0.1 



l(-t-)-Aspartic acid 

0.4 



l(-f)-Glutamic acidf 

1.0 

Salts B 


di-Alanine 

0.2 

AigSOi-TH.O 

0.2 

dl-Isoleucine 

0.2 




0.2 

FeSO-VHsO 

0.01 

dl-Norleucine* 

0.2 

MnS04-4HsO 

0.01 

dl-Norvaline* 

0.2 



dl-Phenylalanine* 

0.2 

NaCl 

0.01 

(ii-Serine* - 

0.2 



dl-Threonine 

0.2 




0.2 

(NH,)2S04 ., 

3.0 





Vitamins 1 




1 

Y 

Sodium acetate (anhy- 



0.001 

drous) ., 

6.0 


0.01 

Glucose 

10.0 

Calcium pantothenate 

0.2 



Nicotinic acid 

0.2 



Riboflavin 

0.2 



p-Aminobenzoic acid 

0.3 



Thiamine hydrochloride 

0.5 



Choline chloride 

2.5 



Inositol 

2.5 



Pyridoxine hydrochloridet 

10.0 


i 


Stock solutions of the constituents were prepared as follows: Salts A contained 
25 gm. each of KHjPO. and KsHPOi per 250 ml. of solution; Salts B contained 10 
gm. of MgSOj-TH-O, and 0.5 gm. each of FeS04-7Hi0, MnS0i-4H;0, and NaCl per 
250 ml. of solution. The vitamin supplement contained 12.5 t of biotin, 125 t of 
folic acid, 2.5 mg. each of calcium pantothenate, nicotinic acid, and riboflavin, 5.8 
mg. of p-aminobenzoic acid, 6.3 mg. of thiamine hj’drochloride, 31.4 mg. eac o 
choline chloride and inositol, and 125 mg. of pyridoxine hydrochloride dissolved by 
warming gently in SO ml. of distilled water. Amino acid mixture, 1 liter o an^o 
acid solution contained 400 mg. each of the dl-amino acids, SOO mg. of Z(+)'aspa ic 
acid, and 200 mg. each of the other 1-amino acids; 20 mg. each of adenine sulfate. 





276 


DETERMIXATIOX OP ASUNO ACIDS. 11 


Table I — Concluded 

guanine hydrochloride, xanthine, and uracil; 6 gm. of anunonium sulfate; and 12 
gm. of anhydrous sodium acetate. The materials were dissolved by boiling in about 
900 ml. of water. After the solution had cooled, 10 ml. of Salts B were added, the 
pH of the solution was adjusted to 6.3 with sodium hydroxide, and the final volume 
adjusted to 1 liter. Such solutions were stored in the refrigerator, usually without 
preservative, but a thin layer of toluene may be used if necessary. 

* Half the indicated amounts have been found satisfactory' in assay of glutamic 
acid. 

t Omitted in medium for assay of glutamic acid. 

t One-tenth the amount indicated is sufficient for assay with Laclobacillus era- 
hinosiis 17-5. 


ivere added. Por titration, double amounts of sample and medium were 
used. The tubes were capped with metal caps or well fitted glass vials 
(3 cm. long) and autoclaved at 15 pounds pressure for 15 minutes. After 
inoculation, the tubes were incubated at 34° for 72 hours. 

For turbidity readings the contents of the tubes were diluted uith 5 
ml. of water delivered from an automatic pipette. A thermocouple 
turbidimeter (17) was used almost exclusively in this study, but the 
Klett-Summerson colorimeter also gave satisfactory results. 

Titration of the acid produced in the 5 ml. assay quantities was carried 
out with 0.05 N sodium h 3 'droxide with a glass electrode or brom-thymol 
blue as an indicator. 

The assay range used was 0.01 to 0.2 mg. of l(+)-glutamic acid per 2.6 
ml. of medium. Final analytical values are the average of duplicate ana • 
yses at three or four levels of concentration. 


Results 


Standard Curve — ^Typical standard assay curves for glutamic acid are 
plotted in Fig. 1 with four test organisms, Lactobacillus arabinosus, ■ 
pentosus, L. casei, and Leuconostoc mesenteroides. As others have no 
with L. arabinosus (15, 16), the shape of these curves differs from t a re^ 
ported for other amino acids. There is an initial plateau at w n 
groudh above that of the blank occurs. Once growth is initiated, 
the curves break sharply and rise very rapidly, followed by a more 
rise proportional to the amount of amino acid present. This latter 
of the curve w’as used for assay since it gave the most repilar m re 
results. A fundamental similarity in assimilation of this ammo a 
the four microorganisms is indicated by their growth curves w ® 
primarily in the concentration of glutamic acid at which gro^ nLntration 
This inability to utilize glutamic acid at low levels o co .^^^5 
suggested that it was not itself assimilated by these organ i 
slow'lv converted by them into a substance which was assimi a 
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in this investigation glutamine and glutamic acid were found to have equal 
activity for Lactobacillus arabinosus at relatively high concentrations, but 
at low levels at which no growth was observed with glutamic acid, glu- 
tamine was active. This obsen’'ation suggested that glutamine rather 



Fig. 1. Comparative response of Lactobacillus arabinosus, L. pentosus, L. casei, 
and Leuconosloc mesenlevoides to Z(-t-) -glutamic acid. Turbidimetric measurements. 



Fig. 2. The effect of the size of inoculum and the period of incubation on the 
response of Lactobacillus arabinosus to f(+)-glutamic acid. Turbidimetric meas- 
urements. 

than glutamic acid might be the substance required for the growth of these 
microorganisms and that the initial plateau obseiwed in the glutamic acid 
curv^e represented a region in which concentration of glutamic acid n as too 
low to permit significant conversion to glutamine by the test organism. 
Recently Lyman ct al. (15) have advanced a similar mew and have suggested 
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that small amounts of glutamine be added to the basal medium used for 
assay of glutamic acid. 

K conversion to glutamine or some other more readily assimilable sub- 
stance is necessaiy before rapid growth can take place, such conversion 



MG.LI-M CtUTAMIC ACID PER TUBE (LS ML ) 

Fig. 3. The efifect of initial pH of the basal medium on the response of Laclobaeillus 
ardbinosm to i(-l-) -glutamic acid. Turbidimetric measurements. 



measurements. 

should be favored by increasing the size of the inoculum 
incubation. From Fig. 2 it is evident that growth of _Lacto6a«« 
nosus occurred at lower concentrations of glutamic acid w en 
oculum or a relatively long period of incubation was Me . T^gtion, 

Since growth of these organisms is accompamed by respon®® 

the effect of variation in the pH of the basal medium upon gro 
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to glutamic acid was detennined. As the initial pH of the medium was 
decreased, growth was initiated at lower and lower concentrations of 
glutamic acid until at pH 5.0 the initial plateau of the growth curve was 
almost completely eliminated (Fig. 3). In such a medimn at high con- 



Fig. 5. Comparative response of Laelobacillus arabinosns to glutamine and /(+)■ 
glutamic acid in the presence and absence of ammonium sulfate. A “heavy m^ 
ooulum was used and the period of incubation was 24 hours. 



Fig. 6. Comparative response of Laclobacillus arabinosus to glutamine^an { ^ 
glutamic acid in the presence and absence of ammonium sulfate. A lig t m 
oculum was used and the period of incubation was 72 hours. 

centrations of glutamic acid, however, maximum growth was not as 
cs that obtained in mediums of pH 6.0 to 8.0. It might be expected t a 
Maximum levels of growth would be lower in a medium of relatii elj g 
imtial acidity, since growth of these organisms is inhibited by relatitej 
high concentrations of acid. Acid produced as a metabolic produc o 
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growth Would reach toxic levels earlier m a medium more acid initially. The 
pH selected for use in assay, therefore, was 6.3. 

It was possible to initiate growth at lower concentrations of glutamic 
acid in a medium of pH 6.8 if the amount of phosphate in the basal medium 
was decreased (Fig. 4). This effect Avas probablj’' due to the fact that 
smaller amounts of acid ivere required to shift the pH of the less highly 
buffered medium to levels permitting more ready conversion of glutamic 
acid to the assimilated product. 

These experiments all tend to indicate that the mechanism for the con- 
version of glutamic acid to glutamine operates optimally in acidic solutions. 
Some type of ammonia transfer must also be involved. In order to 
determine ivhether the ammonium ion served this function, groivth cun'es 



Fig. 7. Comparative response of LacCobacillus arabinosiis to glutamine and /(-t) 
glutamic acid in the presence and absence of ammonium sulfate. -A. ‘‘heavy i 
oculum was used and the period of incubation was 72 hours. 

produced by glutamic acid and glutamine tvere compared with and without 
ammonium salts added to the basal medium. Both light and heavy 
were used and readings were made at 24, 48, and 72 hour intervals. 
omission of ammonium salts from -the basal assay medium had no e e 
upon the utilization of glutamine, but their absence delayed 
prevented utilization of glutamic acid at lotv concentrations. ^ ' 
particularly noticeable when the period of incubation was sho ^ ( S- ' 
or Avhen the inoculum was small (Fig, 6). Even ivith a heavy 
no growth was evident at 24 hours (Fig. 5). GroiAdh occurre ^ . 

concentrations of glutamic acid at 48 hours and at lower concen ra 
72 hours, but the initial plateau at which no grmvth occurre 
pronounced than when ammonia was present (Fig. 7). T- e a ^ 
ammonium sulfate to the glutamic acid medium resulted m gron 
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at 24 hours similar to those for glutamine except that the initial platea'u 
was evident and growth v,'a.s slower throughout the entire curve. At 
72 hours, the glutamine and glutamic acid curves coincided except at the 
verj"^ lowest concentration of glutamic acid. These results indicate that 

Table II 

Comparative Gioicth-Promoting Activities of Glutamic Acid and Related Substances 


Test organism, Lactobacillus arahinosus; galvanometer readings. 


Organism 
per tube 

» 

Glutamine \ 
Cfilleredl j 

1 

Glutamic acid 

a-Ketoglu- 
taric acid 

Glutathione 

Pyrrolidone- 

carboxylic 

acid 

ar-Hydroxy» 

glutaric 

acid 

/(+)- 

dl- 

J(-). 

mg. 

! 








0.0 

5.0 ; 

■SI 

4.0 

4.0 

7.0 

9.0 

4.0 

4.0 

0.01 

12.0 , 

■SI 

4.0 

4.0 






20.0 1 

18.5 

4.0 

4.0 


9.0 



KifilS 

31.5 ' 


21.5 

4.0 


24.5 



0.07 

38. S ' 

38.4 

35.0 

4.0 


34.2 



0.10 

41.5 i 

41.5 

43.0 

4.0 


43.2 

4.0 

4.0 

0.13 

52.0 i 

52.5 







0.16 

57.0 ' 




35.5 




0.20 

64.0 1 



4.0 


59.0 

4.0 

4.0 

0.30 

72.2 1 



9.0 


66.5 



0.40 

74.0 ' 

76.5 


23.5 

73.3 




0.50 


76.5 

75.5 

40.5 



4.0 

4.0 

0.60 

76.0 

76.5 


47.0 


76.5 




' 



54.8 






76.0 



60.2 





0.90 




64.5 





1.00 

77.0 


77.0 

67 0 


77 0 

4.0 

4.0 

2.00 

1 



77.0 






0.05 mg. Z(T-;-gIutamic acid 


0.05 

( 

“ -f 0.02 mg. a-ketoglutaric acid 

. 38.2 

0.05 “ 

(< 

“ + 0.04 “ “ “ ■ 

41.0 

0.05 “ 


“-t-0.12 “ 

54.5 

0.05 “ 

(t 

“ -f 0.02 “ pyrro)idonecarbox 3 -lic acid 

35.0 

0.05 “ 

H 

“+0.12 “ 

35.8 

0.05 “ 

u 

“ -f 0.02 “ a-hydro.\yglutaric acid 

35.7 

0.05 “ 

t ( 

“+0.12 “ 

34.8 


conversion of glutamic acid to glutamine does occur and that ammonium 
salts are utilized in the conversion. 

Identical values were obtained with four different preparations of glu- 
tamine which were sterilized by filtration through a Berkefeld filter and 
added aseptically to the sterile basal medium just before inoculation. 
Glutamine is rapidly decomposed, primarily to ammonium pyrrolidone-a- 
carboxj'late or pyrrolidonecarboxylic acid (18), bj’ heating it in an aqueous 
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solution. A similar conversion of glutamic acid takes place in sL'ghtly 
acid solutions, but the reaction is slower (19). Curves obtained mth 
glutamic acid sterilized in the autoclave or by filtration were identical. 

Use has been made of these facts in the estimation of the glutamine 
content of various naturally occurring substances. Samples to be tested 
were analyzed directly and after hydrolysis. For direct analysis, aliquots 
of the samples to be tested were sterilized by filtration through a Berkefeld 
filter, and by autoclaving. The values so obtained compared with those 
determined after hydrolysis gave at least a rough indication of the pro- 
portions of the materials present as glutamine, glutamic acid, and pyrroli- 
donecarboxylic acid. Refinement of these techniques should result in a 



Fig. 8. Comparative response of Lactobacillus arabinosus and Lactobacillus cose* 
to and df-glutamic acids. The concentration of the dl isomer is twice that of 

the naturally occurring antipode. 


fairly accurate method for determining the proportions of these substances 
present in natural products. 

Hydrolyzed samples of glutathione gave theoretical values for glutaimc 
acid. Unhydrolyzed samplles of this peptide showed some activity whic 
increased with increasing concentration, but was less than that to be ex- 


pected from its glutamic acid content. 

Several compounds which have a chemical structure similar to glutamine 
and glutamic acid were tested for their ability to promote growth, d 
T able II are listed the turbidimetric values for these substances compare 


with those obtained with glutamine and l(+ )-glutamic acid. , 

d(— )-Glutamic acid® initiated growth at much higher concentre , 
glutamic acid than f(-f-) -glutamic acid. The activity of the unna 


* Furnished by Dr. A. C. Kibrick* 



Table III 

Olulamic Acid Content (in Per Cent) of Various Pure Proteins 
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antipode ivas evidenced somewhat earlier, however, if a dZ mixture was 
used. Several samples of dJ-glutamic acid were tested and repeated assays 
were made. All of the samples showed approximately 50 per cent actiidty 
at low concentrations, but greater activity at higher concentrations. This 

Table IV 

Comparison of Values Obtained with Light and Heavy Inoculum* 


Per cent glutamic acid 


Hydrolysate j 

Casein 

1 

Lactoglobulin 

Egg albumin 

Gltad'm 

1 

1 

Light 

inoculum 

Heavy ' 
inoculum ' 

Light 

Inoculum 

^ Heavy 
inoculum 

Light 

inoculum 

_ Heavy 
inoculum 

Light 

inoculum 

^ Heavy 
inoculum 

ms. 

0.015 ! 


1 

21.33 

18.12 

H 

14.16 

15.00 

45.00 

44.60 


21.25 

22.11 

17.50 

Ira 

13.96 

14.40 

46.25 

41.66 

■■ 

20.19 

21.75 

17.00 

18.12 

13.55 

13.60 

46.50 

43.75 

Average 

20.8 

21.8 

17.5 

18.8 

13.9 

14.3 

45.9 



* Incubation period 72 hours. Each value is an average of duplicate determina- 
tions. 


Table V 

Recovery of Glutamic Actd Added to Protein Hydrolysates 


Protein 

/(-h)*Glutamic acid 

Found pet 
aliquot 

Added 

Total 

Per cent 
recovery 


ms. 

ms. 

ms. 

1 

Casein — 

0.0206 

0.02 

0.0400 

<18.6 


0.0206 

0.03 

0.0510 



0.0325 

0.02 

0.0520 

on.o 


0.0325 

0.04 

0.0725 



0.0440 

0.03 

0.0740 


Lactoglobulin 

0.0272 

0.02 




0.0368 

0.03 

0.0671 


Egg albumin 

0 .0288 

0.03 


yb.o 


0.0429 

0.02 

0.0622 

98.8 


increasing activity with increasing concentrations of df-glutamic aci or 
Laclobacillvs arahinosus and Laclohadllus casei is shoivn in Fig. S. 

a-Ivetoglutaric acid was utilized at lower concentrations than 
glutamic acid, but at higher concentrations than l(-l-) -glutamic aci 
Here, as in the case of the uimatural antipode, the addition of . 

amounts of a-ketoglutaric acid (0.02 mg.) to limiting quantities o 
glutamic acid resulted in increased growth (Table II). 
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Pyrrolidonecarbo'^ylic acid and a-hydroxyglutaric acid ■were completely 
inactive. 

Reliability of Assay. Agi cement with Other Methods of Analysis — ^The 
assay results obtained 'with several pure proteins are listed in Table III. 
Consistent values ■w'ere obtained on repeated assay. Average values ob- 
tained after 4, 6, 10, 16, 20, 24, and 36 hours hydrolysis are compared with 



Fig 9. The effect of size of inoculum and the period of incubation on the response 
of Lactobacillus arabtposus to f(-|-)-glutamic acid Titrimetric measurements. 

Table VI 


Comparison of Turbidimetric and Titrimetric Values* 



1 Per cent glutAinic acid 

Protein 



Turbjdit> 1 

Titration 

Casein 

22 6 

20 S 


21.1 

21.4 


20.7 

20.6 

Lactoglobulin 

18.7 

18.1 

Egg albumin 

14.4 

14.0 

Gliadm 

44 9 

44.0 


* Incubation period, 72 hours Each figure is the average of duplicate deter- 


minations made at three or four levels of concentration 

those obtained with pure Z(-|-)-glutaiaic acid sunilarly treated. The 
highest values for lactoglobulin, gliadin, and horse hemoglobin were ob- 
tained after 36 hours hydrolysis, even though pure Z(-h)-glutainic acid 
had undergone slight racemization at a similar period. The values obtained 
are in good agreement ivith those obtained by similar microbiological 
techniques, and with the most reliable chemical analyses. 

Agreement of Values Calculated at Furious Assay Levels In Table IN 
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the values obtained at various assay levels are compared when light and 
heavy inocula were used. There is good agreement at different levels of 
concentration. Since a fairly heavy inoculum after 72 hours incubation 
gives slightly higher assay values as well as an increased range for assay, it 
is preferable to a very light inoculum. 

Recovery Experiments — Recovery values for Z(+)-glutamic acid added 
to hydrolysates of casein, lactoglobulin, and egg albmnin are given in 
Table V. Although the recovery values obtained with these pure proteins 
were excellent, certain difficulties were encountered with some industrial 
materials in which both stimulatory and inhibitory substances were noted. 

Turbidity Versus Titration Values — ^In Fig. 9 are plotted the titrimetric 
curves which correspond to the turbidimetric cur\ms given in Fig. 2. 
Values obtained from some of the proteins tested by the two methods are 
compared in Table VI. The values obtained by turbidimetric measure- 
ments are usually slightly higher than those obtained by titration. Since 
the turbidimetric method was easier and less time-consuming than titra- 
tion, it was preferred provided the samples were not too highly colored and 
did not develop turbidity during incubation. 

DISCUSSION 

All of the data concerned with utilization of glutamic acid are readily 
explained by the assumption that glutamine, rather than glutamic acid, 
is the substance actually utilized by the test organism. Glutamine was 
the most active substance tested, and growth was proportional to the 
concentration. Conditions which increased the availability of glutamic 
acid caused the dose-response curve to become more similar to that ob- 
tained with glutamine. Such conditions included the use of heavy inocula, 
extension of the period of incubation, and a decrease in the pH of the 
medium. Especially suggestive was the fact that omission of ammonium 
salts greatly reduced the availability of glutamic acid, but failed to affect 
response to glutamine in any manner. _ 

According to PoUack and Lindner (22), glutamine and glutamic aci 
had equal growth-promoting activity for Lactobacillus arabinosus, ■ 
pentosus, L. casei, and Streptococcus laclis. Results presented above an 
those of Lyman (15), Leivis and Olcott (16), and Niven (23) fail to co ^ 
these data at low concentrations of glutamic acid. Pollack and Lm e 
did not consider it likely that glutamic acid was converted to g u an^ 
because the original medium contained no source of anmonia ot er 
amino acids and organic nitrogen compounds. This view ^ 

sistent with the knoivn versatility of microorganisms. Although 
chloride added to their medium did increase growth obtamed wi g 
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acid, they considered the effect to be too small to be accounted for by con- 
version of glutamic acid to glutamine. 

Mcllwain et al. (24) reported that glutamine could be replaced by high 
concentrations of di-glutamic acid for the groivth of Streptococcus hemo- 
lyticus and considered that the organism might be able to synthesize glu- 
tamine when suflBciently high concentrations of glutamic acid were present. 
It was suggested that the essential gro'ad.h activity dependent upon glu- 
tamine was ammonia transfer. Later, however, in studies demonstrating 
the extreme specificity of glutamine for certain microorganisms, Mcllwain 
retracted these suggestions (25). 

L 3 Tnan et al. (15) considered it advisable to eliminate the initial plateau 
obtained with glutamic acid by the addition to the basal medium of sub- 
optimum quantities of glutamine. In the course of this investigation it 
was found that small amounts of a tr 3 q)tic digest of casein also eliminated 
this initial plateau. Such digests are superior to glutamine for this puipose 
because they are staible to heat and can be autoclaved with the medium 
without loss in activity. They have been previously reported (26, 27) 
to contain substances, probably peptides, which replace glutamine and 
asparagine for lactic acid bacteria. Addition of such substances to the 
assay medium produced little or no difference in assay values, and they 
were therefore not used routinely. 

When used alone in high enough concentration, d(— )-glutamic acid, 
a-ketoglutaric acid, and glutathione permitted attainment of the same 
maximum growth level achieved with glutamine or f(-l-)-glutamic acid, 
although they were less active than either of these compounds at low levels 
of concentration. When tested in the presence of suboptimum quantities 
of f(-l-) -glutamic acid, d(— )-glutamic acid and a-ketoglutaric acid showed 
activity at lower concentrations than when tested alone. This indicates 
that conversion to glutamine is also necessary for utilization of these com- 
pounds, and such conversion occurs at lower concentrations when the 
test organism is actively growing. This view is at variance with that e.x- 
pressed by Dunn et al. (14), who postulated some essential role for d{—)- 
glutamic acid on the basis of similar data for df-glutamic acid. 

SUMMAKT 

A turbidimetric or titrimetric method for the quantitative determination 
of Z(-l-)-glutamic acid in protein hydrolysates is described. Laclohactlhis 
arabinosus is the test organism. The following values, corrected for 
moisture, were obtained with the proteins studied after 24 hours hydrolj'sis. 
Labco casein 21.7, lactoglobulin 18.8 and 19.0 (different preparations), 
egg albumin 15.0, gliadin 45.5, gelatin (Knox) 11.2, silk fibroin 2.2, edestin 
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21.3, horse hemoglobin 10.8, and horse carboxyhemoglobin 8.9 per cent. 
Recoveiy experiments, agreement of values calculated at various assay 
levels, and upon repeated assay, specificity studies, and agreement with 
other methods of analysis all indicate reliability of the proposed method. 
Occasional low values as compared with chemical amdyses require further 
study for explanation. In some instances, both stimulatory and inhibitor}' 
substances have been encoimtered in crude natural materials, and further 
study of their assay is indicated. 

Glutamine is more active than Z(+)-gIutamic apid; activity of the 
latter is increased toward that of glutamine as a lirrut by increasing the 
size of the inoculum, lengthening the incubation period, lowering the 
initial pH of the medium, and adding ammonium salts to the medium. 
These data indicate that glutamic acid is converted to glutamine before 
utilization. This is probably also true for d(— )-ghitamic acid, a-keto- 
glutaric acid, and glutathione, which are less active than Z(+)-gIutamie 
acid, but which permit maximum growth at high concentrations. Pyr- 
rolidonecarboxylic acid and hydro.xyglutaric acid are ipactive. 

se.ma s'Z.wcples, the. methed a.yk’pee'rs wdeptAhle Vi the, detenmnation 
of glutamine as well as glutamic acid. 
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THE MICROBIOLOGICAL DETERMINATION OF AMINO ACIDS* 

III. ASSAY OF ASPARTIC ACID WITH LEUCONOSTOC MESENTEROIDES 

Br LUCILE R. HAC and ESMOND E. SNELL 

(From the Amino Products Division of the International Minerals and Chemical 
Corporation, Toledo, Ohio, and The University of Texas, Biochemical Institute, 
and the Clayton Foundation for Research, Austin) 

(Received for publication, February 27, 1945) 

Chemical methods for the determination of aspartic acid are similar to 
those used for glutamic acid. The most accurate values recorded for pure 
proteins are those of Rittenberg and Foster (2), Chibnall and coworkers 
(3, 4), Cannan (5), and Kibrick (6). Comparable values have been ob- 
tained by the microbiolo^cal method of assay here described. 

EXPERIMENTAL 

Leuconosloc mesenteroides P-60 was the microorganism used for assay.* 
Stock cultures were maintained and the inoculum prepared as previously 
described. The complete basal medium given in the preceding paper (1) 
Tvas used. Aspartic acid was omitted, the phosphate content of the medium 
was increased 4-fold, and the final pH of the medium was adjusted to 6.8. 
Pure l(-l-)-aspartic acid was used for the standard curve and the assay 
range was 0.001 to 0.04 mg. per 2.5 ml. of medium. The protein hydroly- 
sates were the same as those used in the assay of glutamic acid. Each 
sample was analyzed in duplicate at three or four levels of concentration. 
Values calculated for the different levels were averaged to give the final 
assay results. Turbidity measurements were used exclusively. The 
results are given in Fig, 1 and Tables I and II. 

DISCUSSION 

Standard Curve — ^A typical standard growth curve for Z(-}-)-aspartic acid 
IS plotted in Fig. I. Growth is proportional to the amount of amino acid 
present in the medium and the curve is similar to those reported for all other 
aim’no acids thus far assayed (10-17) with the exception of glutamic acid 
(I, 18, 19). The unusual shape of the growth curve for glutamic acid ap- 
pears to be due to the fact that glutamic acid is not utilized directly but is 
instead converted to its amide, glutamine, before assimilation (1). 
Asparagine can substitute for aspartic acid in a fashion entirely analogous 

* For Paper II of this series, see Hac, Snell, and Williams (I). 

' The amino acid requirements of this organism have recentlj' been described by 
Dunn ei al. (7). 
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Fig. 1. Comparative response of Leuconostoc mescnieroides to aspartic acid and 
asparagine. 


Table I 


l{+)-Asparlic Acid Content of Various Pure Proteins* 


Assay No. 

Labco 

casvm 

Lacto- 

EgS 

albumia f 

Gliadin^ 

Horse 
hemo* 
globin 
Crecrystaf- 
)!zed 3 
times) t 

Horse car- 
boiyhemo- 
globiQ 
(recr>'sta/» 
lized 2 
Umes)§ 

Gelatin 

CA'oor/ 

SlU. 

fi- 

broinf 

I 

6.92 

11.23 


2.97 

9.82 

tw 

5.91 

2.10 

II 

6.83 

11.00 



9.55 


5.44 

3.25 

III 

6.81 

11.20 

7.3511 

3.00 

9.62 


5.32 

2.70 

nr 


12.00 


3.00 

9.50 


5.75 

2.5S 

V 


10.33 







VI 


11.65 







VII 


10.50 

8.30 






VIII 

6.91 

12.20 







Average 



8.9 


9.6 


5.6 

2.7 

Corrected 









valued.... 

7.2 


9.3 


10.3 

10.8 



Values re- 









ported in 









literature. 

6.68(3) 

11.1** 

8.13(4) 

1.40(3) 

8.9(8) 

10. 5§ 

3.4(9) 




9.88(4) 




6.75(3) 

— 

— 


* Each value is the average of duplicate determinations at three or four levels of 


concentration. 

t Protein furnished by the late Dr. Max Bergmann. 

X Protein furnished by Dr. H. S. Olcott. _ in s ner 

§ Protein furnished by Dr. G. L. Foster, .\nalysis by isotope dilution, IU.t> 
cent aspartic acid. 

II Value omitted from the average. c • nrd for 

^ Corrected’for moisture content. We are indebted to Beverly iSI. tttr 

the moisture determinations. ... n r L Foster. 

** Analj’sis by isotope dilution. Personal communication from Ur. 
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to glutamic acid for glutamine, and its growth curve (Fig. 1) is similar to 
that of glutamic acid. It was shown previously that the addition of ammo- 
nium sulfate to the basal medium for glutamic acid assay furthered ammo- 
nia transfer and the conversion to glutamine. In the case of aspartic acid, 
the ammonium ion inhibited growth slightly. Additional phosphate 
eliminated this inhibitory effect wth aspartic acid, but delaj'ed gro^^^ih in 
the medium for glutamic acid. 

The utilization of glutamic and aspartic acids is in direct contrast to each 
other. Whereas glutamic acid is less readily available for grondh than 
glutamine, asparagine is less readily available than aspartic acid.^ This is 
interpreted to mean that glutamic acid is converted to glutamine before 
assimilation, whereas asparagine must be converted to free aspartic acid 


Table II 


Rccoveiy of l(+)-Asparlic Acid Added to Protein Hydrolysates 


Protein 

I /(+)-Aspartic acid 

1 

Found per 
aliquot 

Added 

Total found 

Per cent 
recovery 


mg. 

mg. 

mg 


Casein . 

0 0067 

0 002 

0 0085 

99 7 


0 0067 

0 004 

0 OIOS 

100.9 


0 0099 

0 002 

0 0120 

100.8 


0 0099 

0 006 

0 0168 

102.5 


0 0125 

0 002 

0 0147 

101 4 


0 0125 

0 006 

0 0190 

102 7 

Lactoglobulin. . 

0 0106 

0 002 

0 0130 

103 1 


0 0106 

0 0(}6 

0 0166 

100 0 


0 0220 

0 002 

0 024S 

103 3 


0 0220 

0 006 

0 0262 

90.4 

Horse carbowhemoglobin . 

0 0144 

0 OOS 

0 0222 

99.1 


0 0180 

0 010 

0 0288 

102 8 


Asparagine must play a dual role in bacterial metabolism since it is neces- 
sarj' for rapid growth of some microorganisms in media which contain 
aspartic acid (20, 21). 

Reliahiltiy of Assay— The results of assay of several pure protems are 
listed in Table I. Consistent values were obtained at various levels of con- 
centration and on repeated assay. The values are somewhat higher t an 
those of Chibnall et ah, obtained by an isolation procedure (3, 4), but he has 
indicated that certain of his values maj”^ still be low. Anal} ses b\ isotope 


“The relative inactivity of /-asparagine for this organism as compare 
K+)-aspartic acid has been independentlj*’ noted by E. Bran , . . ‘-ai e , 

W. H. Goldwater (private communication from Dr. Brand). 


with 

and 
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dilution have also given higher results^ and the assay of two proteins for 
which these data were available is in excellent agreement with that method. 

Recovery of aspartic acid added to protein hydrolysates (Table II) was 
with but one exception within 4 per cent of theoretical. 

SUMMARY 

Leuconostoc mesenteroides P-60 has been used successfully for the quanti- 
tative determination of Z(-l-) -aspartic acid in protein hydrolysates. The 
following values were obtained with the pure proteins studied: Labco casein 

7.2 per cent, lactoglobulin 11.5 per cent, egg albumin 9.3 per cent, gliadin 

3.3 per cent, horse hemoglobin 10.3 per cent, horse carboxyhemoglobin 
10.8 per cent, gelatin 6.8 per cent, and silk fibroin 2.8 per cent. Asparagine 
in high concentrations can substitute for aspartic acid. Aspartic acid 
appears to be utilized directly as contrasted with its homologue, glutamic 
acid, which is probably converted into the amide before assimilation (1). 
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CITRIC ACID FORMATION FROM ACETOACETIC AND 
OXALACETIC ACIDS* 
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Breusch (1) reported the discovery of an enzyme, citrogenase, which 
catalyzes the formation of citric acid from oxalacetic acid and fi-keto fatty 
acids, including acetoacetic acid. According to the proposed mechanism of 
reaction the fi-keto acid and oxalacetic acid would condense to form an 
intermediate compound which would imdergo hydrolysis to yield citric 
acid and a fatty acid shortened by the loss of 2 carbon atoms. The 2-carbon 
group removed from the fatty acid would appear in the citric acid and be 
metabolized to carbon dioxide and water by way of the “citric acid” or 
tricarboxylic acid cycle. Oxalacetic acid would be regenerated and the 
process could be repeated as often as ^ oxidation of the fatty aeid occurred. 

Independently Wieland and Rosenthal (2) published findings similar to 
those of Breusch Avith respect to acetoacetic acid, and Martins (3) has 
added partial confirmation of these reports. However, Weil-Malherbe (4) 
and Krebs and Eggleston (5) have reported that they found no evidence for 
the existence of a citrogenase for metabolizing acetoacetic acid.^ In the 
present paper the observations concerning citric acid formation from 
acetoacetic and oxalacetic acids by kidney tissue have been confirme an 
the nature of this enzymatic reaction has been studied. Since the comp e 
tion of this work Buchanan el al. (6) have reported that heavy carbon m 
acetoacetic acid added to homogenized kidney corte.x appears in a 'e o 
glutaric and fumaric acids, members of the tricarboxylic acid cycle. 

Methods 

Preparations— Th.'s. following methods were used: oxalacetic acid, I^m- 
pitz and Workman (7); acetoacetic acid, Ljunggren (8); acetyl phosphate, 
Lipmann and Tuttle (9); sodium pjTUvate, Robertson (10)- . 

Ketone Body Estimation — Acetoacetic acid was determine y e 

method (Edson (11)) or by the method of Weichselbaum and Somop'i (iz;. 
In a number of experiments both methods were used. For ® ® 
tion of acetoacetic acid by the aniline method in the presence o 
acid, use was made of the effect of cupric ions on the decompo_i ion ° 
latter acid (Krebs (13)). The contents of the Warburg flas -s ( o 

* This work was supported in part by a grant from the Rockefeller Found 
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were acidified with 0.3 ml. of glacial acetic acid and 0.3 ml. of 20 per cent 
copper sulfate was added. The oxalacetic acid was completely decarboxj'- 
lated in 20 to 30 minutes at 25°, while the acetoacetic acid remained un- 
affected. Then 0.4 ml. of 40 per cent aniline in glacial acetic acid ivas 
tipped in from a side bulb in order to decarboxylate the acetoacetic acid. 

(S-Hydroxybutyric acid was determined according to the method of 
Weichselbaum and Somogyi (12). 

curie Acid Estimalion — A modificatiqn of the pentabromoacetone method 
of Pucher, Sherman, and Vickery (14) was used. The preparation of the 
samples and the oxidation ndth permanganate were carried out as described 
by these authors. Then the mixture was decolorized with a slight excess 
of freshly prepared saturated sodium nitrite solution (about 1 ml.). 25 ml. 
of petroleum ether (Mallinckrodt, b.p. 35-60°) were added and the separa- 
toi^"- funnel shaken vigorously for 1 minute. After complete separation of 
the petroleum ether the aqueous layer was discarded. The petroleum 
ether was washed twice udth 10 ml. of water. Shaking for 10 seconds was 
sufficient. After the second wash water had been drained off, 5 ml. of 2.5 
per cent sodium sulfide in 40 per cent ethylene glycol were added to the 
petroleum ether and the funnel was shaken about 16 seconds. All wash 
water was shaken out of the stem of the fimnel. The yellow-colored layer 
was drained into a colorimeter tube graduated at 10 ml. The extraction 
was repeated twice wdth 2 ml. portions of the sulfide reagent. The extracts 
were combined in the colorimeter tube, made up to 10 ml. with the sulfide 
reagent, mixed, centrifuged for a short period, and read in a IQett-Suromer- 
son photoelectric colorimeter with Filter 42. At least one standard citno 
acid ivas run simultaneous!}’- with each group of determinations. 

The described procedure has a number of advantages, with essentia^ 
the same accuracy as the original method. A great deal of time is savea. 
The use of sodium nitrite instead of ferrous sulfate for destroying e-xcess 
permanganate and bromine does not interfere wdth the method an 
eliminates much of the tedious -washing of the petroleum ether layer to ge 


rid of the iron. 

One petroleum ether extraction of the pentabromoacetone seems ^ 
cient; determinations carried out with a second petroleum ether 
alone gave values equivalent to -umter blanks. Goldberg and 
(15) have recently reported this same obserxmtion. With only one ex 
tion feiver separatory funnels and manipulations are required. 

Ethylene glycol proved to be a better color stabilizer than pyri 
has the additional advantage that it is immiscible with petroleuin e er 
therefore can be added during the extraction. The use of e y ^ 
in this manner facilitates making the time betw^een the „ A 

color and the measurement rvith the colorimeter equal for a sa 
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linear relationship between color and citric acid was found between 0.2 and 
1.0 mg. of citric acid, but not with smaller or larger amounts. 

Enzyme Preparations — All experiments reported in this paper were car- 
ried out with enz3''me preparations from kidney cortex, but the presence of 
the enzyme in heart muscle has also been confirmed. Breusch (1) states 
that he extracted citrogenase from tissue with 0.5 per cent sodium bicar- 
bonate, while other workers have used slices, homogenates, or minced tissue. 
Preliminaiy experiments were carried out either udth homogenates or with 
the cloudy e.xtracts obtained from homogenates by centrifugation at 2500 
R.p.M. for 10 to 15 minutes. In both cases 2 volumes of 0.5 per cent sodium 
bicarbonate were used with 1 volume of tissue. These preparations showed 
some activity. Experiments with the multispeed attachment for Inter- 
national centrifuges revealed that the enzyme was not truly extracted by 
sodium bicarbonate, but was associated with particles which were separated 
by high speed centrifugation (see Table I). The procedure finallj' adopted 
for preparing the enzyme system is described in the next paragraph. 

The kidneys were removed from dogs anesthetized with ether, iced, 
and the cortex homogenized at 0° with 1 volume of distilled water in a stain- 
less steel homogenizer of the type described bj' Potter and Elvehjem (16). 
The homogenate was strained through muslin and 0.05 volume of 10 per 
cent potassium chloride solution added wth mixing. This preparation was 
centrifuged in the cold room for 15 minutes in the multispeed attachment 
of an International centrifuge at about 12,000 r.p.m. The .supernatant 
fluid was discarded and the precipitate suspended in distilled water sufficient 
to restore the original volume. 10 per cent potassium chloride solution 
(one-tenth of the volume of the water) was added and the mi.xtuie thor- 
oughly stirred. The tubes were again centrifuged at high speed. This 
Washing of the tissue particles was repeated once more. Finallj^ the pre- 
cipitate was thoroughly suspended in enough 0.8 per cent sodium chloi ide to 
make about one-third of the original volume of homogenate. Phis jdclded a 
thin yellowish paste which could be pipetted easily. All steps of the prepa- 
ration were carried out in the cold. In a few cases kidney tteue from c^s 
and rabbits was used, but attempts to use pig kidney obtained boni t c 
slaughter-house were abandoned because the material was inactive in a out 
half of the trials. Acetone powders were completely inactive. 

Experimental Procedure— Experiments were carried out in 25 ml. or 50 
ml. Erlenmeyer flasks when citric acid onty was estimated. Borate or 
bicarbonate buffer at pH 7.4 was used and all solutions were a juste o 
this pH. Unless otherwise indicated 0.5 ml. of enzyme preparation nas 
used and the final volume was made up to 1.1 ml. by various a itions or 
by water. After the air above the liquid had been replac ^ 

appropriate gas, the flasks were stoppered and shaken horizonta j unng 
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the incubation period. Trichloroacetic acid filtrates were prepared for 
citric acid determination. 

The balance experiments rvere carried out in Warburg flasks with 1 ml. of 
enzyme preparation and a final volume of 2.2 to 2.5 ml. Borate buffer was 
used when oxygen uptake was measured. For anaerobic experiments, 
bicarbonate buffer was used and the flasks were filled with nitrogen contain- 
ing 5 per cent carbon dioxide. The gas evolution under these conditions is 
referred to as acid formation. At the end of the incubation period the 
contents of the flask were diluted with a measured amount of distilled water 
and an aliquot removed for estimation of ketone bodies according to the 
method of Weichselbaum and Somogyi. Acetoacetic acid estimation by 
the aniline method was carried out directly on the material remaining in the 
flask, without the removal of proteins. Then 5 ml. of 10 per cent trichloro- 
acetic acid were added to the flask with thorough mixing. The filtrate was 
used for citric acid determinations. Aniline does not interfere in the citno 
acid estimation provided sufficient bromine is added and the precipitate 
formed is removed. 


Results 

Stability of Enzyme System — ^Whole kidney tissue, kidney homogenate, 
and the preparation of w'ashed tissue particles lose little activity during 
several hours at 0°. Homogenates and washed preparations aged 16 to 20 
hours at 0° still possessed about 40 per cent of the original activity. Diriy' 
sis of homogenates for 16 to 20 hours at 0° resulted in loss of most of the 
activity. In about half of these dialyzed preparations some activity cou 
be restored by adding a boiled muscle or kidney extract or glutathione. 

Additions Necessary for Citrate Formation — ^Addition of oxalacetate o 
homogenates caused some citrate formation. When acetoacetate 
added, there was a considerable increase in citrate formation, but when 
tissue particles were washed several times, as described in the procedure ^ 

preparing the enzyme, the addition of acetoacetate caused little incr^se^^ 

citrate formation over that with o.xalacetate alone. Some 50 to P 
cent of the original extra citrate formation caused by acetoa,cetate cou 
restored by adding to the tissue particles the supernatant fluid from 
centrifugation. Heating the first supernatant fluid to 80° for 
did not destroy its ability to restore the activity of the system (see ® g. 

These experiments indicated that some factor necessary for citra 
tion from acetoacetate was removed by washing of the tissue ^ 

This factor could be restored by addition of a boiled extract jn 

kidney or heart, or a water extract of dried yeast, but was P. 
the ash. In the course of the search for the unknown 
substances were tested and found to be without effect: a en 
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phate, adenylic acid, cozymase, cocarboxylase, cytochrome c, cysteine, 
riboflavin, glycine, alanine, and pantothenic, ascorbic, p-aminobenzoic, 
succinic, fumaric, aspartic, and pyruvic acids. 

The only substances found which could replace the heated tissue e.xtract 
in restoring the activity of the system were glutathione, glutamic acid, and 
a-ketoglutaric acid. The effect of glutathione was discovered first and for 
a time it was believed to be the necessary substance. However, later 
e.\periments revealed that glutamic acid and a-ketoglutaric acid were more 
effective than glutathione and were able to restore activity to some prepa- 
rations which were not affected by glutathione. This led to the conclusion 
that either glutamic acid or a-ketoglutaric acid was the essential substance. 


Table I 

Citric Acid Formation in Homogenates, Extracts, and Washed Particles Prepared from 

Kidney Tissue 

Dog kidney cortex homogenized at 0° in 1.5 volumes of 0.5 per cent sodium bi- 
carbonate; part centrifuged at 12,000 r.p.m. for 15 minutes in the cold room; precip- 
itate resuspended in the original volume of bicarbonate solution or in its supernatant 
fluid; 3 ml. of tissue preparation 100 micromoles of oxalacetate -f- 40 micromoles of 
acetoaoetate; barium chloride 0.02 m; final volume 4.2 ml.; nitrogen with 5 per cent 
carbon dioxide as gas; pH 7.5; 1 hour at 37°. The results are given in micromoles. 




1 Citrate formed 

Experi- ; 





ment 

Tissue preparation 

With oxal- 

With aceto- 

With oxal- 




acetate 

acetate 4* 



alone 

aioDc 

acetoacetate 

1 

Homogenate 

14.1 

8.3 

33 


Supernatant fluid 

0.9 

0.6 

1.8 


Ppt. resuspended in bicarbonate 

13.8 

1.5 

24 

2 

Homogenate 

2.6 


23 


Ppt. (washed 2 times) 

1.4 


2.8 


" -h first supernatant fluid 

3.6 


15.9 



“ -t- heated first supernatant fluid 

2.4 

1 

13.8 


These two substances seemed equally effective in equimolecular concentra- 
tions. The effect of glutathione may be due to glutamic acid released by 
hydrolysis (17). Table II gives the results of some of the experiments with 
different additions. The data clearly indicate that both oxalacetate and 
a-ketoglutarate (or glutamate) must be present if the addition of acetoace- 
tate is to cause a large increase in citrate formation. As a result of the n ork 
of Buchanan et al. (6) it seems safe to assume that this represents a real 
conversion of acetoacetate to citrate. 

Specificity of Oxalacetate ris Subsfrafe— Oxalacetate could not be replaced 
hy Pyruvate, fumarate, malate, or succinate in anaerobic e.xperiments 
(Table III). Aerobically wnth added cytochrome c malate 'v'as slightlj 
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active. Evidently it is converted to oxalacetate slowly by these prepara- 
tions. In intact tissue an3' substance which can be converted to oxalace- 
tate should be able to replace this substance. 

Tabw: II 

Effect of Various Substances on Citrate Formation 
E.xperiments with waslied tissue particles suspended in 0.025 .m sodium bicar- 
bonate; 0.02 M barium chloride present; 50 micromoles of oxalacetate, 8 to 15 micro- 
moles of aceloaret.ate, 10 micromoles of additions unless otherwise indicated; total 
volume 1.1 ml.; gas, 5 per cent carbon dioxide in oxygen; 60 to 90 minutes .at 28'. 
The results are given in micromoles. 





Citrate formed 

ETperi* 

ment 




. 



With ocal* 

With actio- 



Acetate alone 

acetoacetalc 

acetate aJone 

1 

None 

5.3 

0.2 



f-GIutamate 

4.6 

20.6 



j a-Ketoglutarale 

4.0 

19.2 


1 

Glutathione 

4.4 

11.7 


2 j 

None 

5.0 

9.2 



1 Glutathione, .5 niieroinoles 

4.4 

14.4 


i 

1 /'Glutamate 

5.5 

21.6 


j 

Glycine 

0.7 

8.9 



' /-Cysteine 

7.3 

11.2 


3 

} None 

1 5.G 

7.3 



Glutatliioiie 

4.4 

15.1 



/-Cysteine 

3.6 

4.9 


■t 

None 

5.4 

8.6 

' i.i 

I s 


i /-Glutamate 

3.9 

13.4 


a-Ketog/utarate 

3 3 

10.4 


Glutathione 

3.7 

6.9 



/-Aspartate 

6.4 

7.3 



Succinate 

s.o 

5.2 



dZ-Alaiiine 

4.6 

5.8 


0 j 

None 

4.1 

7.0 



/-Glutamate, 2 5 micronrofes 

3.2 

10.0 

l..i 


JO 

2.4 

12.1 


“ 20 

2.2 

8 4 



a-Kctoglutarate, 2.5 mieromolcs 

2.8 

9.2 

3.1 


“ 10 

2.3 

11.2 

i 

“ 20 

2.1 

10.5 




Specificity of Aceloacctatc As Suhslralc — As may be seen .jatc, 

some increases in citrate formation were found nith jgtatc 

crotonate, and biityratc, but the effect was smaller than vi Py. 

and these substances are known to be transformed into ace o. 
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nivate gave some increase. Changes caused by acetate were probably not 
significant. Acetyl phosphate in different amounts was tested in several 
e.\periments, ivith and without glutamate, with negative results. Of the 
group of substances tested, acetoacetate is probably the only one which can 
serve as substrate. Whether the enzyme also acts on other ;9-keto fatty 
acids, as reported by Breusch, has not been determined. 

Balance between Citrate Formation, Acid Formation, and Aceloacelalo 
Disappearance — Tables V and VI show the results of experiments designed 
to determine the relation between acetoacetate disappearance and citrate 
formation. 

The addition of oxalacetate to the kidney preparation results in the for- 

Tabi-b III 

Specificity of Oxalacclalc 

K.rperimenfs wi6h washeU tissue particles in 0.025 M sodium bicarbonate; 0.02.AI 
barium chloride present; 10 micromoles of glutamate present in all samples; total 
volume I.l ml.; gas, 5 per cent carbon dioxide in nitrogen; GO minutes at 28'. The 
values are given in micromoles. 


1 

Experiment 
No. 1 

1 

Additions 

Citrate formed 

Without aceto- 
ocetate 

With 

acetoacetate 
(9 micromoles) 

1 

O.valacctato 

oO 

4.0 

13.0 


F umarate 

30 

0.6 

3.1 


Z'Malate 

30 

1.8 

4.4 


Succinate 

30 

1 1.3 

I 1.4 


Pyruvate 

30 

0.7 

1.0 

2 

Xone 


0.8 

1.4 


Oxalacetate 

50 

3.0 

13.4 


Fumarate 

100 

1.2 

2.4 

. 

Pyruvate 

lo 

1.1 

2.1 


mation of some citrate anaerobically as well as aerobically . When a-keto- 
glutarate or glutamate is added, the amount of citmte formed from oxal- 
aeetate is decreased. Martins (3) found that or-ketobutyrate decreased 
citrate formation from oxalacetate and pyruvate in heart muscle. The 
niechanism is probably the same in the two cases. These a-keto aci s 
probably produce a competitive inhibition of citrate formation from pj ru- 
vate. In the present experiments pyruvate would result from decarboxj la- 
fion of part of the oxalacetate. Although glutamate and a-ketoglutarate 
decrease the citrate formation with oxalacetate alone, they greatly increase 
the extra citrate formed upon the addition of acetoacetate. The icr 
cnees in the amount of citrate found cannot be explained on the asis o 
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changes in citrate oxidation, for very little citrate was oxidized by the prep- 
arations used (Table VII). 

Anaerobic Balances — The disappearance of acetoacetate (over and above 
that which is reduced to j8-hydroxybutyrate) is small with oxalacetate alone, 
or with glutamate or a-ketoglutarate alone, and attains its maxiinum only 
when both oxalacetate and a-ketoglutarate or glutamate are present. As 


Table IV 

Spcaficily of Acetoacetate 

Experiments with washed tissue particles in 0.025 m sodium bicarbonate; 0.02 Jt 
barium chloride present; SO micromoles of oxalacetate, 6 micromoles of glutathione 
or 10 micromoles of glutamate, and 10 micromoles of additions; total volume 1.1 ml.; 
gas, 5 per cent carbon dioxide in nitrogen; 60 to 90 minutes at 28°. The results are 
given in micromoles. 



Experiment No. 

Additions 

Glutathione 

1 

None 

Acetoacetate 

Acetate 

Acetone 

Ethanol 

dl-jS-Hydroxybutyrate 

Pyruvate 

Crotonate 

Butyrate 

Octanoate 

Glutamate 

2 

None 

Acetoacetate 

Acetaldehyde 

Acetate 


3 

None 

Acetoacetate 

Acetate 

Pyruvate 


4 

None 

Acetoacetate 

Acetyl phosphate 

Pyruvate 


O'trilc formed 


4.7 

15. 3 

7.3 
4.7 

4.0 

11.5 
6.2 

7.2 

7.5 

5.3 

5.0 

14.7 
5.3 
5.3 

6.7 
18.4 

7.1 

9.8 

4.0 
17.6 

4.9 

5.0 


nearly as could be determined, when acetoacetate was added 
wdse complete system, 2 molecules of extra citrate’ were forme or 

' According to Krebs and Eggleston (18) the amount of isocitrate and ^ pjr 

in enzymatic equilibrium with the citrate is about 10 per cent, or 
cent, in the presence of magnesium ions. The citrate values repor c ^ ^.jslicd 

corrected tor isocitrate and cis-aconitnte, but this error is small, or > 
kidney preparation and 0.02 m barium chloride only 8 per cent of a c 
peared aerobically. This figure represents the amount oxidized piu 
verted into isocitrate and cis-aconitate. 
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molecule of acetoacetate which disappeared. For example, in Experiment 
1 of Table V, 13.5 micromoles of citrate were formed with o.xalacetate plus 
a-ketoglutarate. When acetoacetate also was added, completing the 
system, 30.2 micromoles of citrate were formed. Thus the extra citrate due 
to the addition of acetoacetate was 16.7 micromoles. The amount of 
citrate formed from oxalacetate alone is not used as a control value because 


Table V 


Anaerobic Balance 


Warburg vessels containing 0.2 ml. of 0.4 m sodium bicarbonate + 0.1 ml. of 0 45 M 
barium chloride + 1.0 ml. of a suspension of washed tissue particles, 50 minutes at 
30°; pH 7.3; gas, 5 per cent carbon diovide in nitrogen; total volume 2 4 ml All 
values are given in micromoles. 


1 

Eicperi* 

xaest 

No 

Additions 1 

Ketone body recovery 

Ketone 

body 

disappear- 

ance 

Citrate 

formed 

Acid 

formed 

Oxalacetate 

Acetoace* 

Ute 

a Reto* 1 
glutarate | 

Acetoace- 

tate 

Hydroxy- , 
butyrate i 

1 

1 100 

1 


0 

.3 

0 3 



19 

.6 



100 

20 5 


15 

.0 

3 1 

2 

4 

23 

5 



100 

20.5 

20 

5 

4 1 

5 7 

9 

4 1 

30 

2 




20 5 

20 

10 

1 

6 9 

3 

5 

1 

4 




20 5 


14 

8 

5 0 

0 

7 

0 

9 



100 

1 

20 

1 

6 

0 5 



13 

5 

1 

2 

100 



0 

2 

0 6 



25 

1 

26 


100 

14 


8 

3 

4 3 

1 

4 

31 

5 

28 


100 

14 

20 

1 

0 

2.7 

10 

3 

36 


33 



14 

20 

4 

9 

7 2 

1 

9 

1 

5 

11 9 



14 

9 

9 

4 0 

0 

1 

i 2 

0 

3.7 


100 

20 

0 

5 

0 4 



17 

7 

31 

3 

100 



0 

5 

* 

1 


' 12 

6 

12.3 


100 

16 


14 

3 


1 

7 

16 

0 

15.5 


100 

16 

20 

6 

9 


9 

1 

22 


23 

i 

100 

16 

16 

20 

20 

12 

16 

0 

4 

0 

3 


3 

0 

6 



1 5 

18 

1 8 


1 


20 

0 

1 

3 

0 





■ 

0 6 


* a-Hydroxybutyrate was not determined in Experiment 3. 


“-ketoglutarate decreases this figure and this effect of a-ket<^utara e 
still he present, at least in part, in the complete system. The 'e ne 
disappearance in the complete system was 9.4 micromoles, as agams . 
the control with acetoacetate alone. Thus completion of t e 
creased the ketone body disappearance by 8.7 and the citrate . , 

by 16.7 micromoles. Small amounts of ketone bodies disappea 
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oxalacetate plus acetoacetate and with acetoacetate plus a-ketoglutarate. 
These changes were very probablj' due to the fact that small amounts of the 
substance necessary to complete the system were still present in the tissue 

Table VI 
Aerobic Balance 

Warburg vessels containing 0.2 ml. of 0.5 M borate buffer of pH 7.5 + 0.5 mg. of 
cytochrome c preparation + 0.1 ml. of 0.45 M barium chloride + 1 ml. of a suspension 
of washed tissue particles; gas, oxygen; total volume 2.4 ml. E.xperiments 1 and 3, 
60 minutes at 30°, Experiment 2, 100 minutes at 25°. All values are given in micro- 
moles. 



* ^-Hydroxybutyrate was not determined in Experiments 2 and 3. 
t With glutamate instead of a-ketoglutarate. 

particles or were formed during the experiment. The data are in agreera 
with the equation proposed by Wieland and Rosenthal (2). 

2 oxalacetate + 1 acetoacetate — > 2 citrate 

Additional information concerning the reactions tatog the 

by the acid formation, as measured by carbon dioxide evo u i 
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bicarbonate buffer. The acid formation by the system with oxalacetate 
alone represents approximately 1 molecule of acid per molecule of citrate 
foimed. (The decarboxylation of oxalacetate to pyruvate, ■nhich takes 
place rapidly in these experiments, occurs without any acid formation.) 
This relationship is what would be expected on the basis of either of the 
follo^ving equations proposed by Krebs ei al. (19), in which one extra acid 
group is produced for each citrate formed. 

(2) 3 oxalacetate — * 1 citrate + 1 malate + 2 bicarbonate 

(3) 2 oxalacetate + 1 pyruvate — ► 1 citrate + 1 malate + 1 bicarbonate 

When glutamate or a-ketoglutarate is added to the washed tissue plus 
o.xalacetate, there is a large acid formation not accounted for by the citrate 

Table VII 

Ctlnc Acid Oxidation by Washed Kidney Tissue Particles 
1 0 ml. of suspension of washed tissue particles + 05 mg. of cytochrome c prepa- 
ration + 02 ml. of 0 5 Jt borate buffer at pH 7 4 + 1 2 ml of total additions; 0 02 M 
XaCl or BaClj, 0 01 xt phosphate, 0 004 m MgCh, 1 mg. of adenylic acid, and 18 5 
micromoles of citrate when indicated; gas, oxygen; 60 minutes at 30°. All values 
are given in micromoles. 


Additions to tissue 

Oxygen 

consump* 

tion 

Citrate 

after 

incubation 

XaCl 

0 8 

0.6 

" + citrate 

1.4 

17 3 

BaCl. 

1 0 

0 8 

“ + citrate 

2 4 

17.8 

N'aCl + phosphate, JIgClj, adenylic acid 

1 4 

1 0 

“ + “ “ “ + citrate 

1 6 

18 5 

BaCl. + “ “ “ “ 

2 1 

0.7 

“ + “ “ “ “ + citrate 

3 G 

17.7 


formed. This is most probably the result of oxidation of a-ketoglutarate 
to succinate by the oxalacetate. 

(4) 1 a-ketoglutarate + 1 oxalacetate —> 1 malate + 1 succinate + 1 bicarbonate 

Glutamate, a-ketoglutarate, and acetoacetate, when added separately, 
cause very little acid formation. When acetoacetate is added along with 
a-ketoglutarate, there is some acid formation, indicating that acetoacetate 
can oxidize a-ketoglutarate to succinate. 

The acid formation, acetoacetate disappearance, and extra citrate forma- 
tion of the complete system are in general agreement with the fo 
equation, in which the acid formation to citrate formation ratio is 1 and the 
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citrate formation to ketone body disappearance ratio is 2. Equation 5 
represents the sum of Equations 1 and 4, 

(5) 3 oxalacetate + 1 acetoacetate + 1 a-ketoglutarate — * 2 citrate + I inalatc 

+ 1 Buccinate + 1 bicarbonate 

Aerobic Balances — Cytochrome c was added in the experiments presented 
in Table VI. Glutamate and or-ketoglutarate are the only substances which 
cause a marked increase in the oxygen uptake of the system. When oxal- 
acetate is also present, the oxygen uptake is louder, probably because oxal- 
acetate can replace oxygen as an oxidant. 

Aerobically the relation of acetoacetate disappearance to citrate forma- 
tion in the complete system is the same as in the anaerobic experiments, but 
with a-ketoglutarate alone large amounts of acetoacetate disappear, yet do 
not appear as /3-hydroxybutyrate or as citrate. This fact suggests that the 
primary reaction is the conversion of acetoacetate to an intermediate com- 
pound which condenses with oxalacetate, if present, to form citrate. 

Jnjluence of Oxygen — Wieland and Rosenthal (2) reported that oxygen 
was necessary for citrate formation from oxalacetate and acetoacetate. 
Weil-Malherbe (4) found no citrate formation from acetoacetate with tissue 
slices anaerobically. The fact that the reaction occurred anaerobically in 
our experiments is probably due to the excess oxalacetate used, which acted 
as an oxidant. In some of our experiments with small amounts of oxalace- 
tate and crude homogenates very little citrate was formed anaerobically. 
These results can be explained by the fact that a large amount of oxalace- 
tate is removed by reduction and by decarboxylation, for we have foun 
that if enough oxalacetate is added the reaction proceeds well anaerobically- 

Aerobically, considerable amounts of acetoacetate disappear ™ ® 
samples which have a-ketoglutarate added; i.e., in aU samples in w ic 
a-ketoglutarate oxidation is taking place. The disappearance may no 
always equal that in the complete system, but it is much greater than e 
controls with acetoacetate alone or with acetoacetate plus oxalace e. 
Anaerobically, acetoacetate disappears (over and above that whic ^ 
duced) only when oxalacetate and a-ketoglutarate are both present an ri ^ 
xvith addition of a-ketoglutarate alone. This is because anaero 
a-ketoglutarate is oxidized to a significant extent only in the samp es co 
taining the excess oxalacetate. It seems clear that the remova o ac 
acetate is dependent on a-ketoglutarate oxidation. If molecu ar o. 
is not available, oxalacetate can act as the oxidant in this 

Action of Inhibitors — The extra citrate formation caused by t e 
of acetoacetate to the otherwise complete system was '^onccnfm- 

0.01 M malonate and cyanide or 0.02 M fluoride. The 

tion and 0.001 m iodoacetate produced 20 to 25 per cent inhi i 
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system was completely inhibited by 0.01 m iodoacetate, selenite, and ar- 
senite. 

Aclton of Barium Ions — ^Barium ions were added in nearly all e.\-periments 
because Wieland and Rosenthal suggested that they decrease citrate 
oxidation. However, later experiments indicated that veiy httle citrate 
was o.xidized by the washed kidney preparations with or without barium, 
as was ascertained by measuring citrate disappearance and oxygen uptake 
with added cytochrome c (Table VII). The barium ions did tend to stimu- 
late acetoacetate disappearance and citrate formation in some of our experi- 
ments. Further work will be necessary to determine the mechanism of this 
effect. 


DISCUSSION 

Although citrate formation has been followed in most studies of the en- 
zyme oitrogenase, it is veiy probable that an intermediate analogous to 
as-aconitic acid is the first substance formed from oxalacetic and acetoacetic 
acids. That cfs-aconitate or isocitrate and not citrate must be formed first 
has been demonstrated in the case of pyruvate by Wood el al. (20) and indi- 
cated in the case of acetoacetate by the work of Buchanan et al. (6). Cts- 
aconitate would give rise to isocitrate and the remainder of the tricarbo.xylic 
acid cycle would follow from this point (Krebs (21)). The citrate is formed 
from cis-aconitate in a side reaction, especially when the cycle is stopped at 
isocitrate. Krebs and Eggleston (18) have shown that the equilibrium 
isocitrate «s-aconitate citrate is such that from 89 to 96 per cent of the 
material is citrate under different circumstances. For this reason it is pos- 
sible to use citrate formation to follow what is really cfs-aconitate formation. 
Since very little citrate is oxidized by our preparations, the cycle must be 
blocked at the isocitrate step, presumably because of absence or inactivity 
of the necessary enzymes. 

The experiments show that veiy little acetoacetate disappears and very 
little extra citrate is formed when acetoacetate is incubated with washed 
kidney preparation and oxalacetate. When a-ketoglutarate, glutamate, or 
glutathione is also added, acetoacetate disappears and extra citrate is 
formed. Reduction to /S-hydroxybutyrate accounts for only a small part 
of the acetoacetate disappearance. 

The increase in oxygen uptake on the addition of a-ketoglutarate indi- 
cates that this substance is oxidized by our preparations. Anaerobically 
in the presence of oxalacetate it produces considerable acid formation which 
cmi be explained by oiddative decarboxylation. In this case oxalacetate 
would be the oxidant. It seems therefore likely that the oxidation of 
a-ketoglutarate is necessary for the transformation of acetoacetate into 
citrate in our preparations. The activity of glutamate is probably due to 
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conversion to a-ketoglutarate by oxidation or by transamination Tvith some 
of the oxalacetate. Such reactions proceed very rapidl 3 ' in kidnej'. Glu- 
tathione is less actbe than glutamate. It is knou-n (Woodward and Rein- 
hart (17)) that glutathione can be split into cysteine, glj-cine, and glutamic 
acid b.y kidney extracts. Further work is necessary to determine whether 
the oxidation of other substances can replace a-ketoglutarate oxidation. 
Buchanan ct al. (6) reported that a number of substances stimulated the 
disappearance of acetoacetate, but did not determine whether this effect 
was due to their oxidation or to their conversion to oxalacetate, as was 
possible with all the substances used. 

It appears that citrate can be formed by two mechanisms: (a) from 
oxalacetate and pyruvate, (b) from oxalacetate and acetoacetate with the 
simultaneous oxidation of a-ketoglutarate. Either two entirely different 
mechanisms operate or a common substance formed from pyruvate and from 
acetoacetate condenses with oxalacetate to form the precursor of citrate. 
Krebs (21) has suggested and Martius (3) has supported the idea that a reac- 
tive 2-carbon compound formed by the oxidation of pyruvate, and not 
pyruvate itself, condenses with the oxalacetate. It seemed possible that 
acetyl phosphate might be the reactive 2-carbon compound, since it can be 
formed in pyruvate oxidation (Lipmaim (22)) and might arise from aceto- 
acetate in a reaction coupled with a-ketoglutarate o.xidotion. Ochoa (23) 
has shown that this oxidation can produce phosphate esterification. Acetyl 
phosphate was tested, but it did not produce any citrate formation. Addi- 
tion of phosphate or adenosine triphosphate produced no increase in citrate 
formation; j’-et the intervention of phosphate in the reaction has not bem 
entirely luled out, for the amount of phosphate in the system was 3 to 4 X 
10"’ M, sufficient for a-ketoglutarate oxidation to be 75 per cent o i s 
maximum (23). . . . 

Although the trials with acetyl phosphate were negative, there is s a 
strong suggestion that a-ketoglutarate oxidation may be coupled wt 
changes in the acetoacetate which prepare it for condensation with oxa ace^ 
tate. In aerobic experiments without oxalacetate, a-ketoglutarate 
oxidized and acetoacetate disappeared, but it did not appear eit er ^ 
/S-hydroxj'butyrate or as citrate. Under such conditions an unsta e ro 
mediate 2-carbon compoimd might be hydrolyzed to acetate. 

Acetate is rapidly metabolized by kidney tissue and it has /^ 2 t) 

that it enters the tricarboxylic acid cycle (21). Rittenberg ^d 
have recentty provided additional exidence in favor of this idea. ' 
might enter the cycle directly or it might be synthesized to ace ® 
before conversion to citrate. Medes el al. (25) 
the synthesis of acetoacetate from acetate in kidney tissue. Ace ^ 
increase citrate formation in our preparations, but this could ax 
to inactivity of the necessarx- enzymes. 
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SUMMARY 

trs bestlS ““ “ 

glutathione was also addrf^ Sf* “’'‘.f “““I' glutamic acid, or 
to convereion to « Stn l 7‘ • g’utamic acid is beUeved due 

duetohydrolysis;„yi',d7ul“caca'”“^^^^^ 

.erobL™?to ,'h’“‘‘'“l'.’‘** -'‘*“gl“to™ aaid "'•* oadised in both the 
ultaate „X''t': rr*" “-Ptnments. In the fat case osj-gm. was the 
oxidant. ’ second case e.xcess oxalacetic acid acted as the 

exT^ments "iTV'T only in 

o.xidized this r> acid (or glutamic acid) was being 

/3-hydroCTb!"^^™^°A* determinations of citric acid, acetoacetic acid, 

tion aia2S° “ ’ consumption aerobicaUy, and acid fonna- 

aerob^!u 1 ^ were essentially the same 

formed for ^°^c^°t)ically. About 2 molecules of extra citric acid were 
tion tn « molecule of acetoacetic acid which disappeared. Reduc- 
acetofi nof ^ utyric acid did not account for the disappearance of 
each TTini c .‘^PP^'c^^tely one extra acidic group was formed for 
acid ^ formed from pyrui-ic acid or from acetoacetic 

keton^^n^ ®^c™c^ts mthout oxalacetic acid there is still a removal of 
little T-f • . c^ ^s dependent on a-ketoglutaric acid oxidation, but verj- 

be the^ f°Fmed. It is suggested that the primarj^ reaction may 

condp ®f acetoacetic acid to an intermediate compoimd which 

acid o.xalacetic acid, if present, to form the precursor of citric 

methods are described for the estimation of citric acid and for 
ace 1 C acid in the presence of oxalacetic acid. 

Colo^ greatly indebted to Professor .Carl F. Cori and Dr. S. P. 

^ * 0 ' or many valuable suggestions and criticisms. 
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THE USE OF ACETOBACTER SUBOXYDANS FOR ASSAY 
OF THE LACTONE MOIETY OF PANTOTHENIC ACID* 

By HERBERT P. SARETTf and VERNON H. CHELDELIN 
(From the Department of Chemistry, Oregon State College, Corvallis) 
(Received for publication, March 13, 1945) 

Acetobacier siiboxydans (1) and hemolytic streptococcus strain H69D (2) 
are the only knomu microorganisms for which the lactone* moiety of panto- 
thenic acid, Z-o!-hydroxy-/3,/9-dimethyl-7-butyrolactone, can replace panto- 
thenic acid as an essential growth factor. Complete studies of the nutri- 
tion of Acetobacier suboxydans (1, 3-6) determined all of its essential growth 
requirements and showed that it could be used for the assay of p-amino- 
benzoic acid (4, 5) and nicotinic acid (6). 

Although the lactone moiety can replace pantothenic acid for growth 
of the above organisms, /?-alanine has no activity. Most animals and 
bacteria require the intact pantothenic acid molecule (7—10). Lactic 
acid bacteria cannot utilize lactone or j8-alanine or a combination of both 
(9, 10). Several yeasts (11, 12) and the diphtheria bacillus (13) can utilize 
the ^-alanine fragment but not the lactone. 

In the present communication a method is proposed for the assay of 
lactone by the use of Acetobacier suboxydans. The sensiti^’ity of the 
organism to lactone, as reported by Underkofler el al. (1), has been 
increased by changes in the medium and by the finding that the organism 
can utilize the alkali-hydrolyzed lactone, a, y-dihydro.vy-^, ^-dimethyl- 
butyric acid, 4 to 5 times as effectively as it does the intact lactone. Tur- 
bidimetric measurements after 60 to 70 hours permit measurement of 
0.1 to 0.5 Y of the dihydroxy acid* per flask (10 ml.). For assay purposes 
all of the pantothenic acid and lactone present is hydrolyzed bj'" alkali 
to the dihydroxy acid before measurement. Assay is also made for the 
pantothenic acid present in the original material. This method does not 
allow accurate measurement of small amounts of lactone in the presence of 

* A preliminary report w as presented before the Division of Biological Chcmistrj 
at the lOSth meeting of the American Chemical Society, New lork. 

Published with the approval of the Monographs Publication Comnuttee, Oregon 
State College. Research paper No. 90, School of Science, Department of Chemistrj-. 

This work was supported by the Nutrition Foundation, Inc. , i j 

(Present address, Medical Research Laboratory, Edgewood .\rsenal, Maryland. 

* In the present communication, the lactone moiety of pantothenic acid refers to 
lei’o-a-hydro.xy-/S,-/3-dimethyl-7'-butyrol8ctone. Alkali-hydrolyzed lact^e or e 
dihydroxy acid refers to o,-r-dihydroxj--/S,/?-dimethylbutyric acid. We wish to 
thank Dr. J. C. Keresztesy of Merck and Company, Inc., for a gift of the lactone used 
in these studies. 
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excess pantothenic acid, but is useful in searching for lactone which is not 
bound as pantothenic acid, and in investigation of pantothenic acid metab- 
olism (14). 

Method 


Acetohacter suboxydans^ is maintained on slants of medium containing 
0.5 per cent Difco yeast extract, 5 per cent glycerol, and 2 per cent agar. 
The slants are incubated at 30“ for about 36 houi-s and are then kept in 
the refrigerator. Stock cultures are transferred every month and slants 
for daily use are prepared weekly. The test inoculum is obtained from 
a 30 to 40 hour culture grorni at 30° in a 50 ml. Erlenmeyer flask in 10 
ml. of the diluted basal medium (Table I), to which 0.1 y of the dihydroxy 
acid and 5 mg. of liver concentrate have been added. 

Basal Medium — The medium proposed by Underkofler el ah (1) and 
used for assay of p-aminobenzoic acid (4, 5) and nicotinic acid (6) do« 
not respond to small amoimts of the dihydroxy acid or pantothenic acid 
and requires 1 to 5 7 per flask to obtain a suitable growth cune. A com- 
parison of this medium with the suggested basal medium is piesented m 
Table I, and shows the changes which have been made to increase the 
gron’th response of the organism. The new medium permits the measure- 
ment of 0.1 to 0.5 7 of the dihydroxy acid per flask, gives approximately 
the same growth with the dihydroxy acid as with equimclecular amounts 
of pantothenic acid, and promotes as good growth noth excess dih.vdroxy 
acid or pantothenic acid as is obtained in the presence of yeast or Iner 


extracts. , 

Glucose (or its end-products after being autoclaved) has a mark 
stimulatory action as a carbohydrate source in addition to the 60®’' 
present. Increasing the casein content of the medium to 10 gm. per h e 
also results in more rapid and heavier growth. Purines and p37imiduies, 
which were shown to be stimulatory for the p-aminobenzoic acid assiy 
(5), are likewise necessary for maximum sensitivity to the 
)3-Alanine was added in amounts ranging from 1 7 to 2 mg. per flas a 
was found to increase the growth obtained with small amounts of lac 
the dihydroxy acid. The stimulation obtained with 2 mg. per flas ' '' 
about the same as was found xvith 10 7 per flask. The smaller amoun^^^^^ 
retained in the medium for its growth promotion and to offset t e 
of any jS-alanine which may be present as such or from hydrolysis 0 p 
thenic acid in assay samples. 

In the presence of the above supplements, the greatest respon- 

n This organism is listed as No. 621 in the American Type Culture ^ of 

L. A. Underkofler of the University of Wisconsin kindly supphe us ni 


the organism. 
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added dihydroxy acid was obtained by the inclusion in the medium of 
charcoal-treated liver extract and charcoal-treated peptone. These panto- 
thenic acid-free extracts are prepared together as follows: 

10 gm. of liver concentrate’ and 25 gm. of Difco peptone are dissolved 
in water, diluted to a volume of 500 ml., steamed for 10 minutes, and cooled. 
The pH is adjusted to 1.5 and the solution shaken for 20 minutes with 


Table I 

Basal Media for Aeetohaeter Suboxydans 



Assay for 
p-imwobemoic 
acid (c/. (4, 5)) 

Present 

medium 


gm. 

gm. 


100 

100 


5 

Casein hydrolysate 

6 

10 

Norit A-treated peptone* 


5 

" “ liver concentrate* 


2 


mg. 

mg. 


200 



150 



10 



10 



10 









ml. 

ml. 

Salt Solution Af 

10 

10 

“ “ Bf 

10 

10 


r 

r 

Calcium pantothenate 

200 

200 


200 

p-Aminobenzoic acid 


200 

Distilled water to 1 liter, pH 6.0 




* See the text for preparation, 
t Prepared according to Snell and Strong (15). 


35 gm. of norit A and filtered. The pH is readjusted to 1.5 and the char- 
coal treatment repeated. The second filtrate is adjusted to pH G.O, 
steamed, cooled, and filtered. The final solution, containing 50 mg. of 
peptone and 20 mg. of liver concentrate per ml., is kept in the refrigerator 
under toluene. 

’ We are indebted to Dr. T. H. Jukes of the Lederle Laboratories, Inc., for a gif t of 
liver concentrate and to Stanley W. Hier of The Wilson Laboratories for a sample of 
Wilson’s 1 :20 liver pon-der. Either of these preparations may be used. 
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No further improveiuents in. the medium could be made by changing 
the pH or by adding other knomi B vitamins, dl-alanine, asparagine, 
succinic acid, sodium bicarbonate, ammonium sulfate, sodium acetate, 
or norit-treated yeast or beef extracts. 

The presence of 2 mg. of dl-alanine per flask inhibits utilization of the 
lactone or the dihydroxy acid but not of pantothenic acid. The same 
amormt of asparagine curtails growTh with all three of these substances. 
2 mg. of taurine, the sulfur analogue of fl-alanine, severely inhibit the growih 
response to all three forms of the gro\vth factor. The inhibition of the 
split-products is greater than that of the intact pantothenic acid molecule, 
and is completely overcome by excess |3-alamne. Experiments with 
pantoyltaurine showed sporadic inhibition or stimulation with 0.5 to 2 
mg. per flask. The stimulatory effect seems to indicate that some of the 
pantoyltaurine W’as hydrolyzed, either in our sample or bj' the bacteria. 

Assay Procedure — All tests are carried out in 50 ml. Erlenmeyer flasks. 
The sample (at pH 6.0) in each flask is diluted (if necessarj') to 5 ml. 
with distilled water and 5 ml. of the basal medium (pH 6.0) shown in 
Table I are added. A standard curve W’hich is run each time contains 
0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.8 y of the alkali-hydrolyzed lactone or 
its equivalent of alkali-hydrolyzed pantothenic acid. A few points are 
run in duplicate. The lactone standard is hydrolyzed by steaming or 
autoclaving 50 to 100 y of lactone in 5 ml. of 1 n NaOH for 10 to 40 minutes, 
neutralizing to pH 6.0, and diluting to an appropriate volume. The same 
results are obtained after steaming or autoclaving of the lactone. M'hen 
pantothenic acid is used, it must be autoclaved about 30 to 40 minutes. 
Samples to be assayed are run in duplicate at three levels, 1 to 3 ml. con- 
taining about 0.1 y of lactone per ml. 

All values in the present commimication are in terms of the weight o 
the lactone. The molecular weight of the lactone is 130 or 54.6 per cen 
of the molecular weight (238) of the calcium pantothenate standard. 

The flasks are plugged and autoclaved for 15 minutes. After emg 
cooled, each flask is inoculated with 1 drop of the inoculum, prepare y 
transferring the 30 to 40 hour culture previously described to a ® 
test-tube, centrifuging, and resuspending the organisms in about • 
of sterile saline. The flasks are incubated in a 30® water bath or 
70 hours. Convenient wmoden holders have been devised, each 
holds a row of flasks in the bath. Growth is measured turbidime nc 
after shaking each culture thoroughly and transferring the 
a test-tube. The turbidities are read with a 540 ma filter 
photoelectric colorimeter, with an uninoculated culture as .j gqua) 

turbidimetric readings are given in terms of optical density w ic i 
to log 100 minus log per cent transmission. 
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A typical standard curve for the dihydroxy acid is shown in Fig. 1. 
The growth eurve obtained tvith equimolecular amounts of pantothenic 
acid is approximately the same. The untreated lactone, or lactone formed 
by acid treatment of the dihydroxy acid, has about 20 to 25 per cent of 
the activity of the dihydroxy acid. In order to lactonize the dihydroxy 
acid, it is necessary to heat the solution at 100° for 10 minutes at a pH of 
2 or less. 

Preparation of Sample for Assay — Several attempts w'ere made to separate 
the lactone from pantothenic acid quantitatively in order to avoid the 
difficulties inherent in determining total lactone and pantothenic acid and 



Fig. 1. Growth response of Acetobacter suboxydans to the alkali-hydrolyzed lac- 
tone moiety of pantothenic acid. The weights shown are in terms of the lactone. 
Optical density is log 100 minus log per cent transmission (2 — log G). 

obtaining values by difference. All of the charcoals tried removed lactone 
as well as pantothenic acid from solution. Other experiments vith ad- 
sorbents and ion e.xchange resins were unsuccessful. Ether extraction of 
lactone from an aqueous solution at pH 7 to 7.5 (16) was not quantitative 
for the low' concentrations of lactone encountered. Only 30 to 40 per cent 
could be recovered in this manner. Since it was considered possible that 
the dihydroxy acid as w'ell as the lactone might occur naturally, and that 
the acid would not be extracted by the ether, these experiments were 
abandoned. The finding that the dihydro.xj" acid was 4 to 5 times as 
active as the lactone led to the use of alkali-hydrolj-zed samples, with 
appropriate corrections for the pantothenic acid in the samples. 

2 gm. samples are autoclaved in 10 ml. of 1 n NaOH for 30 to 40 minutes, 
cooled, neutralized to pH 6.0, diluted to proper volume, and filtered if 
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necessary. For analysis an aliquot is diluted so that 1 ml. contains about 
0.1 7 of lactone. Extracts of samples containing large amounts of panto- 
thenic acid or lactone are usually clear and colorless. For slightly turbid 
or colored solutions, an uninoculated flask containing the largest amount 
of the diluted sample is set up and used as a blank correction for the “top” 
flask. Simple division of this blank value gives correction figures for the 
other flasks of the series. Pantothenic acid assays are carried out on the 
niginal material by the method of Hoag, Sarett, and Cheldelin (17). 

Table II 


Total Lactone Analyses and Recoveries 


Material 

. 

Sample 

Lac- 

tone 

found 

Lac- 
tone 
per 
gm. 
or ml. 

Re- 

cov- 

ery 





per 



y 


cent 

Yeast-liver extract 

0.67 

0.10 

285 



1.33 

0.34 

255 



2.0 

0.54 




0.67 -f 0.2 7 lactone 

0.38 


95 


1.33-)- 0.2“ “ 

0.54 



Rice bran extract 

1 

0.12 




2 

0.25 

125 



3 

0.37 

123 



4 

0.52 




1 -h 0.2 y lactone 

0.32 


ii 


2 4-0.2“ “ 

0.43 



Urine C2 



MM. 


“ “ 25 7 pantothenic acid* per ml. 

1 


21. » 

mm 

“ R2 



13.4 


“ “ 25 7 pantothenic acid* per ml. 



27.4 

103 

“ S2 



K&a 


“ “ -h 25 7 pantothenic acid* per ml. 

1 

1 


21. 3| 

93 


* 25 y pantothenic acid contain 13.6 y of lactone (54.6 per cent). 


Table II shows the lactone value and recoveries of added lactone or 
pantothenic acid for some samples. There is good agreement at the dmeren^ 
levels assayed and good recoveries of lactone, added either as lac one o^ 
pantothenic acid. The pantothenic acid recovered m the three unn 
samples was added to the urines before alkaline hydrolysis and ca 
through the entire assay. 

Results ^ 

The total lactone contents as measured by Acelohacier 
that calculated from pantothenic acid assays are shown in a e 
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nine samples. Four of the samples had been analyzed for pantothenic acid 
by both microbiological and chick methods. For most of the samples the 
total lactone was greater than that which could be accounted for by mi- 
crobiological pantothenic acid assay. Since most of them were concen- 
trates, it was natural to expect some pantothenic acid breakdonm to 
lactone or the dihydroxy acid. No extra lactone was found in the ground 
wheat or the rice bran e.xtracts. 

The pantothenic acid values obtained for certain foods by chick assay 
have been higher than those reported by microbiological assay (17-19). 
The yeast concentrates showm in Table III do not contain enough total 
lactone to account for the high chick values, and it appears that the chick 
values are not due solely to the pantothenic acid content of the concen- 

Table III 


Total Lactone and Lactone Calculated from Pantothenic Acid Assays 


i 

Sample 

1 Tot^I lactone 

Pantothenic 
acid lactone,* 
microbiological 

Pantothenic 
acid lactone,* 
cbidc assayt 


y f»i. 

y per fw. 

rPertrt 

Yeaat-liver Concentrate 1 . 

140 

96 


** « 2 

135 

108 


Fortified yeast-liver concentrate 

275 

255 


Rice bran extract 1 

125 


120 

<1 « « 2 

150 

149 

153 

Ground wheat . . 

3.7 

3.6 


Skim milk powder. 

24.5 

12 5 


Yeast concentrate. 

85 

46 


Liver powder (Wilson’s 1:20) 

307 

169 



* Calculated from the pantothenic acid found (54.6 per cent), 
t We are indebted to Dr. A. L. Caldirell of Eli Lilly and Company lor the chick 


assays. 

trates. Neal and Strong (18) and Willerton and Cromwell (19) attributed 
the difference between microbiological and chick assays to poor digestion 
of the sample before the microbiological assa}’’. By incubating 0.5 gm. 
of the samples with 1 gm. of clarase in 10 ml. of buffer for 48 hours, Willer- 
ton and Cromwell (19) obtained microbiological values which approached 
the chick values. Neal and Strong (18) found that, after strong alkaline 
hydrolj''sis of yeast, liver, and other substances, some pantothenic acid 
action remained. For liver the residual activity was 4 times as great 
when measured by chick assay as when measured microbiologically. 
Since differences between chick and microbiological assays are onlj' found 
in certain types of foods, it is possible that the chick diet may be incom- 
plete. The discrepancies reported here between total lactone figures and 
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chick assays for pantothenic acid suggest that factors other than panto- 
thenic acid are influencing the chick values. 


SUMMARY 

A microbiological assay procedure for the lactone portion of the panto- 
thenic acid molecule is presented, based upon the growth response of 
Acelobacter suboxydans. Alkaline cleavage of the lactone to a , 7 -dihydroxy- 
^,/3-dimethylbutyric acid increases its growth-promoting effect several 
fold and makes it as effective as equimolecular amounts of pantothenic 
acid. Supplements have been added to the medium which allow measure- 
ment of 0.1 to 0.5 7 of lactone per flask. 

/3-Alanine cannot replace pantothenic acid or the dihydroxy acid for 
grovdh, but increases the response to the dihydroxy acid and is included 
in the medium. Taurine inhibits growth response to both the dihydroxy 
acid and pantothenic acid. This inhibition may be overcome by excess 
/3-alanine. 

For assay purposes alkaline hydrolysis is used to convert lactone and 
pantothenic acid to the dihydroxy acid. Good agreement of total lactone 
values of samples assayed at different levels and complete recovery of 
added lactone or pantothenic acid have been obtained for several foods, 
concentrates, and urines. 

Yeast concentrates were found to contain more lactone than could be 
accounted for by microbiological assays for pantothenic acid, but not 
enough lactone to account for the high values obtained by chick assay. 
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THE METABOLISM OF PANTOTHENIC ACID AND ITS 
LACTONE MOIETY IN MAN* 

By HERBERT P. SARETTf 

(From the Department of Chemistry, Oregon Slate College, Corvallis) 
(Received for publication, March 13, 1945) 

The daily urinary excretion of pantothenic acid has been found to 
average 3.1 to 3.8 mg. for a few groups of normal subjects (1-4). Some 
data have been published which show that only a small part of test doses of 
pantothenic acid is excreted in the urine (1, 5) but no information is avail- 
able on the fate of the remainder (6). 

Since certain bacteria and many strains of j'east can utilize the lactone' 
moiety (7-9) or ^-alanine (10-12) to replace pantothenic acid for growth, 
the present study was imdertaken to determine whether the lactone moiety 
is a breakdown product in the metabolism of pantothenic acid by humans. 
Pantothenic acid and total lactone (after alkaline hydrolysis) were measured 
in normal urines, and after oral and intravenous doses of pantothenic acid, 
lactone, and alkali-hydrolyzed lactone.* The results show that lactone 
is not a normal constituent of urine, does not account for the pantothenic 
acid which disappears after test doses, and is not metabolized by humans. 

EXPEKIMENT.A.L 

The experiments were conducted on three male subjects, aged 23 to 
29, each of whom continued on his regular diet throughout the course of 
the e.xperiments (10 weeks) with no vitamin B supplements. Test doses 
were given at about weekly intenmls and 24 hour urines were collected 
with 10 ml. of glacial acetic acid and preserved in the refrigerator. Intra- 
venous injections were made with freshly sterilized solutions of pantothenic 
acid or lactone in 5 ml. of-saline. Alkali-hydrolyzed lactone was prepared 
by autoclaving 160 mg. of lactone in 5 ml. of 0.5 x XaOH (9). Neutral- 
ization with HCl and dilution to 16 ml. provided the proper saline con- 
centration for administration. 

* Published with the approval of the Monographs Publication Committee, Oregon 
State College. Research paper No. 91, School of Science, Department of Chemistrj'. 

This work was supported by the Nutrition Foundation, Inc. 

fPresent address. Medical Research Laboratoiy’, Edgewood Arsenal. Maryland. 

' In the present communication, the lactone moiety of pantothenic acid refers to 
lct'o-a-hydroxy-^,P-dimethyl-'r-butyrol8ctone. .Mkali -hydrolyzed lactone or the 
dihy'droxy-acid refers to cr,'y'dihydroxj'-^,^-dimcth 3 ’lbutyric acid, lie wish to thank 
Dr. J. C. Keresztesy of Merck and Company, Inc., for a gift of the lactone used in 
these studies. 
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The oantothenic acid of the test urines was measured by the use of 
Madllvs arahinoms ( 13 ), and total lactone (after alkaline hydrolysis 

Table I 

Urinary Excretion of Pantothenic Acid and Total Lactone by Three Subjects on 

Normal Diets and after Test Doses 


Control 


After 100 mg. pantothenic acid, orally 


“ 100 
nously 


intrave- 


Subject 

and 

sample 

No. 


After 50 mg. lactone, intravenously 


50 “ “ orally 


After 50 mg. alkali-hydrolyzed lactone, 
intravenously 

After 50 mg. alkali-hydrolyzed lactone, 
orally 


Panto- 

thenic 

acid 


c-i 

R-l 
S-1 
C-5 
R-5 
S-5 
C-2 
R-2 
S-2 
C-7 
R-7 
S-7 
C-9 
R-9 
S-9 
C-6 
R-6 
S-6 
C-3 
R-3 
S-3 
C-8 
R-S 
S-8 
C-10 
R-10 
S-10 
C-4 
R-4 
SA 
C-11 
R-11 
S-11 


mj. 

I. 3 

3.2 

4.3 

5.3 
2.7 

4.0 
12.1 
21.0 

17.0 

22.0 
26.4 
18.9 

18.9 

II. 7 

17.9 
37.6 

43.9 
26.4 

4.6 

3.6 
4.4 

7.2 

6.2 

5.3 

8.4 
5.8 

4.5 

5.7 

3.0 
2.4 
6.3 

6.6 

5.0 


Panto- 

thenic 

acid 

lactone* 


mg. 

0.7 

1.7 

2.3 

2.9 

1.5 

2.2 

6.6 

11.5 

9.3 
12.0 
14.4 

10.3 
10.3 

6.4 

9.8 

19.9 

23.9 

14.4 

2.0 

2.4 

3.9 

3.4 

2.9 

4.6 

3.2 

2.5 
3.1 

1.6 

1.3 

3.4 

3.6 

2.7 


Total 

lactone 


0.8 

1.7 

2.6 

2.8 
1.8 
2.1 

12.7 

13.8 
13.3 
12.6 

15.6 

12.8 
11.8 

9.4 

11.9 

19.9 

23.8 

14.7 

52.7 

53.7 

51.0 

52.7 

51.2 

57.0 

55.2 

54.0 

51.9 

53.0 

54.2 

41.8 

52.0 

41.3 


Total 

lactone 

minus 

panto- 

thenic 

acid 

Uctoac* 

mj. 

0.1 

0.0 

0.3 

■ 0.1 

0.3 

• 0.1 

6.1 

2.3 

4.0 
0.6 
1.2 

2.5 

1.5 

3.0 

2.1 
0.0 

- 0.1 

0.3 

50.7 

51.3 
4T.1 

49.3 

48.3 

52.4 
52.0 

51.5 

48.8 

51.4 

52.9 

38.4 

48.4 

38.6 


-"^^ted from the pantotheniT^drf^^^^rSIe^^ 

j ml All lactone anu 

ae oriaes) assayed a-ith “J^the lae We, 

hydroxy acid values are reported on the oas 
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ular weight is 130, which is 54.6 per cent of the molecular weight of the 
calcium pantothenate used as the standard for pantothenic acid (9). 

Results 

The excretion of pantothenic acid and total lactone in normal urines and 
after various test doses is shown in Table I. The pantothenic acid content 
{Lactobacillus arabinosus) of the normal urines ranged from 1.3 to 5.3 mg. 
(average, 3.5 mg.) and accounted for approximately all of the lactone 
content, as measured by Aceiobacler suboxydans. The average pantothenic 
acid excretions of these control days were used in the calculation of addi- 
tional pantothenic acid excretion after test doses. 

After oral administration of 100 mg. of pantothenic acid, the three sub- 
jects excreted 8.8 to 23.4 mg. of extra pantothenic acid, averaging 15 mg. 
However, the pantothenic acid content of these urines did not account for 
the total lactone excretion. The urines contained from 0.6 to 6.1 mg. of 
lactone in addition to that calculated from the pantothenic acid content. 
The average for the nine urines was 2.6 mg. of extra lactone. Intravenous 
administration of 100 mg. of pantothenic acid resulted in greater panto- 
thenic acid excretion (22.3 to 40.9 mg., average 35 mg.) but in contrast to 
the oral test dose, no extra lactone was detectable in the urine. 

50 mg. doses of lactone taken orally or intravenously could be completely 
recovered in the urine. After the oral dose of lactone, the pantothenic 
acid content of the urine increased to an average of 6.2 mg. per day. 

Since Acetobacter suboxydans was foimd to utilize the alkali-hydrolyzed 
lactone, a,7-dihydroxy-/3,/3-dimethyIbutyTic acid, 4 to 5 times as effectively 
as the lactone (9), the dihydroxy acid form was tested on the three sub- 
jects. Intravenous administration of the dihydroxj^ acid resulted in its 
total excretion in the urine, but after oral doses the excretion by two of 
the subjects was only about 80 per cent of the dose. The oral administra- 
tion of the dihydroxy acid, like that of the lactone, increased the panto- 
thenic acid excretion to an average of 6.0 mg. 

DISCUSSION 

Although some bacteria can sjmthesize pantothenic acid from its lactone 
moiety, the evidence presented here indicates that the lactone portion of 
the pantothenic acid molecule is not an intermediate in the breakdown of 
pantothenic acid by man. Since the three subjects did not metabolize the 
lactone or the dih 3 ’'drox 3 ' acid, and since none of these compounds appeared 
in the urine after an intravenous dose of pantothenic acid, the breakdown 
of pantothenic acid in humans must proceed bj* one or more other path- 
ways. 

The excretion of a little extra lactone or dihj'droxj’ acid after oral do^ 
of pantothenic acid appears to be due to the action of intestinal bacteria. 
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Bacteria may also have some effect upon the lower excretion of pantothenic 
acid after oral doses compared to intravenous doses of pantothenic acid. 
However, the high blood levels of pantothenic acid after intravenous injec- 
tion may account for most of the difference (1). 

Since the excretion of lactone is the same after oral or intravenous admin- 
^tration of lactone, it appears that the intestinal bacteria do not attack 
he lactone ring. However, the lower excretion of oral doses of the di- 
ydroxy acid seems to indicate some bacterial action on this compound, 
loth of these compounds are complete!}’ recovered after intravenous 
dministration. 

The increases in pantothenic acid excretion after oral doses of the lactone 
or of dihydroxy acid are not readily explainable, but may possibly result 
from a stimulator}’ action of this molecular configuration upon the intes- 
tinal bacteria. This effect is not obser\’ed with intravenous doses of these 
compounds. 


SUMMARY 

The pantothenic acid and total lactone content has been measured m 
urines of three male subjects on normal diets, and after oral and intravenous 
administration of pantothenic acid, and its lactone or dihydro.\y acid 
moieties. 

The normal pantothenic acid excretion averaged 3.5 mg. per day and 
accounted for the total lactone present, as measured after alkaline hydrol- 
ysis of the urine. 

After 100 mg. oral doses of pantothenic acid an average of 15 mg- o 
additional pantothenic acid and 2.6 mg, of axtra lactone were found in t e 
urines. Intravenous administration of the same amount of pantotheMC 
acid resulted in the excretion of 35 mg. of additional pantothenic aci ■ 
This accounted for all of the lactone present. 

Oral or intravenous doses of 50 mg. of lactone and intravenous 
of 50 mg. of the dihydroxy acid were completely recovered in the unne^ 
After oral doses of the dihydroxy acid, only 80 per cent was found m 
of the urines. After oral doses of the lactone or of the dihydrox}’ aci , 
daily pantothenic acid excretion increased to about 6 mg. 

It is concluded that the lactone or the dihydroxy acid^ moieties are 
normal intermediates in the metabolism of pantothenic acid in man. 

The author wshes to thank Dr, V. H. Cheldelin foi his 
and suggestions. 
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RELATION OF SCURVY TO THE ADRENALIN CONTENT OF 
THE ADRENAL GLANDS OF GUINEA PIGS 

By SACHCHIDANANDA BANERJEE* 

{From the Department of Milra Research in Diabetes, School of Tropical Medicine, 

Calcutta, India) 

(Received for publication, March 29, 1945) 

It has been reported from this laboratory (1) that a deficiency of vitamin 
C in guinea pigs leads to changes in carbohydrate metabolism, as evidenced 
by glycosuria, a diabetic type of the glucose tolerance curve, and depletion 
of the glycogen content of the liver. We have also found that there is a 
fall in the insulin content of the pancreas (2), an increase in the size and 
also the number of islets, and degranulations of the /3-cells of the pancreas 
(3) of scorbutic guinea pigs. 

It is well known that adrenalin and insulin produce opposite glycemic 
effects (Cori and coworkers (4, 5)). It was therefore of particular interest 
to examine the effect of scurvy on the adrenalin content of the adrenal glands 
of guinea pigs. 

McCarrison (6) reported that the adrenalin content of the adrenals of 
scorbutic guinea pigs is decreased. Ohata (7) also noted a definite reduc- 
tion in the adrenalin content of the adrenal glands of scorbutic guinea pigs 
and presented evidence that this was not purely an effect of inanition. 
Deutsch and Schlapp (8) likewise reported a decrease in the adrenalin con- 
tent of the adrenal glands of guinea pigs in scurvy. Mouriquand and 
Leulier (9), however, found no lowering of the adrenalin content of the 
adrenals of guinea pigs in avitaminosis C. Guha (10) also ob^rved no 
change in the adrenalin content of the adrenals of scorbutic guinea pigs. 

In view of the conflicting data cited above it was decided to reinv^tigate 
the adrenalin content of the adrenal glands of scorbutic guinea pigs, 
preliminary report of this work has been published elsewhere (11). 

EXPERIMENTAL 

Two groups of young guinea pigs of weights varying betvcen 250 gm. 
and 400 gm. were selected. One of the groups was fed ad libitum a scorbutic 
diet consisting of crushed barley 64 parts, crushed gram' 20 parts, casern 
12 parts, calcium carbonate 3 parts, and common salt 1 part for 22 to o 

* Present address, Department of Biochemistr}', Cornell Uni\ersit} Medical C 

lege, New York. . , t, „ 

* Ci’ccr arietinum (Legnminosae) is a pulse commonb’ cultivate as uma 
in India. 
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days until the animals developed scurvy. The second group of guinea vies 
ascorbic acid per animal. The animals of both the groups were fed 02 
aunng the experimental period. 


Tabm I 


pelerminaUon of Adrenalin tn Normal and Scorbutic Guinea Pigs 



No. of 
anunuls 

Average 
weight per 
animal 

Weight of 
pooled 
adrenals 

Weight of 
adrenal per 
100 gm. body 
weight 

Ascorbic acic 
perlgm.of 
adrecal 

-tgs 

Adren&ha 
per I gm of 
adreoal 

Scorbutic 

4 

4 

6 

7 

em. 

310 

374 

292 

340 

m 

1140 

1120 

1700 

2840 

mj 

91 

93 

96 

119 

mi. 

0.032 

0.038 

0.021 

0.048 

T 

859 

675 

707 

636 

Mean .. . 




100 

0.035 

719 2 

Normal 

4 

311 

720 

57 

0.915 

502 


4 

310 

860 

60 

0.732 

230 


4 

237 

560 

59 

0.828 

459 


4 

323 

760 

59 

1.184 

263 


4 

397 

980 

62 

1.351 

315 

Mean. 




61.2 

1.002 

353 8 


Table II 
Stalisliral Analysis 
All values of t are highly significant. 



Weight of 
adrenal per lOO 
gm. body 
eight 

Ascorbic acid 
per 1 gm. 
of adreoal 

Adrenalin 
per 1 gm of 
adrenal 


mg. 

mg. 

r 

DiEFerenco of means 

38.8 

0.967 

365.4 

Standard error of diffeience 

6.187 

0.13078 

74 66 

t . 

6.27 

7.39 

4.S9 


The animals were fasted overnight. They were lulled by a blow on tb® 
head and the neck veins were cut. The adrenals were carefully freod fro® 
the connective tissue and transferred to a weighed bottle containing 
saline and a few drops of 10 per cent trichloroacetic acid. The adiena 
glands of several animals were pooled and extracted with trichloroace ic 
acid by the method of Barker and Marrian (12), 
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Of the different chemical methods for the estimation of adrenalin, Folin 
and Trimble’s reagent (13) as used by Barker cl al. (14) was found to be 
most satisfactoiy in our hands. It was shown by Guha (10) and Birch 
et al. (15) that Folin’s tungstic acid reagent gives a blue color with ascorbic 
acid as well as with adrenalin. Rees (16) observed that the blue color 
obtained with Folin’s reagent was proportional to the amount of ascorbic 
acid present. When the ascorbic acid in the adrenal gland e.xtracts was 
first deteiTnined by titration with 2,G-dichlorophenol indophenol and the 
blue value corresponding to the amount of ascorbic acid present was sub- 
tracted from the total blue value of the sample, the true adrenalin content 
of the sample was obtained. This result was found by Rees to correspond 
to that detennined biologically. Von Euler (17) and Schild (18) also ob- 
tained no significant difference in the adrenalin content of the adrenals 
of guinea pigs when it was determined by the biological and colorimetric 
methods. Rees’ modified method for the colorimetric cstimatiwi of ad- 
renalin was therefore used in the present investigation on the trichloroacetic 
acid extract of adrenal glands. The results am shown in Tabic I and the 
statistical analysis is given in Table II. 

DISCUSSION 

It will be noted from the data of Table I that the adrenal glands of the 
scorbutic guinea pigs were found to be much higher in adranalin than were 
those of normal control animals. Tliis is in contrast to the findmgs of 
previous investigators cited earlier. It is therefore of interest to compare 
the method used in this study with those used by others. 

McCaiTison (6) used Folin’s reagent for the estimation of adrenalin 
and, since it is known (10, 15, 16) that Folin’s reagent also gives a blue 
color with ascorbic acid, a relatively higher adrenalin value for the adrenals 
of normal guinea pigs might have resulted from the fact that the noimal 
glands contain larger amounts of ascorbic acid. In scurvy the a-scorbic 
acid content is greatly diminished (Table I), so that the diminution of the 
adrenalin value might have been apparent rather than real. Ohata (7), 
who also noted a reduction of the adrenalin content in scuivy, estimated 
adrenalin with iodic acid which likewise reacts with ascorbic acid. On the 
other hand Mouriquand and leulier (9) who used mercuric chloride, which 
gives a red coloration with adrenalin and no coloration with ascorbic acid, 
obtained no decrease in the adrenalin content of the adrenal glands in 
scurvy. Guha (10) who de.tennined adrenalin biologically also found no 
difference in the adrenalin content under the two conditions. These 
Workers, however, used guinea pigp which were in the extreme stages of 
scurvy. On the other hand, our animals were killed when they were just 
falling in weight and were in the early stages of scuny. Dcutreh and 
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Schlapp (8) determined adrenalin content biologically and found a reduc- 
tion in the adrenalin content of the adrenals in scurvy. These results which 
differ from that of Guha (10) are difficult to reconcile ivith our ovat. We 
do not know whether the different diets used by us had anything to do 
with it. The size of the adrenal glands has been found to be considerably 
increased in scurvy. This was also observed by Deutsch and Schlapp (8), 
McCarrison (6), Michaud (19), and Baldwin ci al. (20). We have not 
used the paired feeding technique in our experiments and it might be argued 
that the results are due to inanition. However, in the experiments of Bald- 
win et al. (20) the paired feeding technique was employed and, although the 
adrenalin content of the adrenals was not determined, they observed the 
same increase in the weight of the gland as we have observed. It seenis 
unlikely, therefore, that the increase in the adrenalin content in scurvy is 
the result of inanition. The increase in the adrenalin content of the ad- 
renals in scurvy is of particular interest in relation to our earher finding (2) 
that the insulin content of the pancreas is decreased. The action of vitamm 
C on the secretion of insulin appears to be specific in some degree, as the 
insulin content of the pancreas is not altered in vitamin Bi deficiency, which 
also affects carbohydrate metabolism (21). 

The lowered glucose tolerance and the lower glycogen content of the 
liver of the scorbutic guinea pigs as compared to normal animals may b® 
partly due to an increased action of adrenalin in the absence of the opposing 
action of insulin. The lower glycogen content of the liver in scurvy mig 
also be due in part to the decrease in adrenal cortical hormone in scoibu i 
guinea pigs observed by Giroud ct aU (22, 23), since adrenal cortical or^ 
mone has been shoivn by Grattan and Jensen (24) to promote the deposi 
tion of glycogen in the liver. 


SUMMARY 

The effect of scurvy on the adrenalin content of the adrenal 
guinea pigs was studied. A significant increase in the adrenalin 
of the adrenals of scorbutic guinea pigs was noted, in contrast to ® 


findings of a diminution of the insulin content of the pancreas m 

Standard adrenalin was obtained by courtesy of Dr. B. 
of the Biological Standardisation Laboratory, „_i,pnoI 

Hoffmann-La Roche, Inc., made a free gift of 2 , 6 -d.chloroplven 

indophenol. 
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AND GLUTAMIC ACID DECARBOXYLASES 
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Pyridoxal, the 4-aldehyde of pyridoxine described by Snell (1), has been 
shoAvn to be converted into the coenzyme of tyrosine decarboxylase by 
living ceUs (2) and by enzyme preparations (3) of Streptococcus faecahs. 
With the latter a supply of adenosine triphosphate (ATP) is neces^ry (3). 
Gale and Epps (4, 5) have isolated a coenzyme for tyrosme (and Ij^me) 
decarboxylase and have reported that this substance, termcA codecarboxy- 
lasa, is free from phosphorus. Treatment of pyridoxal with chemical 
phosphorylating agents yields a preparation which activate the tyrosine 
decarboxylase system without the addition of ATP (6). This coenzyme 
also functions ivith the purified, cell-free tyrosine 

for which pyridoxal and ATP are inactive. The natui a 

from yeast is interchangeable with the coenzyme syn icsize i 

or chemically from pyridoxal (0). The fonnation o coenzyme r 

doxal by the action of chemical phosphorylating agents, as wcl ^ by tbe 

biological action of ATP, has been intemreted as 

zyme is a phosphorylated derivative of pyridoxal. Howevei , m 

0 ? chemical proof of stmeture and in view of the report oi Gale and Lpps 

(4) that the coenzyme recovered from yeast lacks p losp 

be considered only as a hypothesis based upon t lese a . tvi-osine 

carboxylase is defined by its biological activity as t le coenzy 

(and lysine) decarboxylase, this term will at piescn , rj'jjp 

materials prepared from pyridoxal and for those rccoveic m 

term does not denote the chemical structure of the coenzy _> 

yet the p«p.»ti.n of cdcoorbotyte ” 

dicate that it is a derivative of pyridoxal. T b eg, 

evidence for the similarity of the natui-al and syn le ic 
In view of the function of n member of U,o 

enzymeof tyrosme decarboxylase (3, GliOnd the poMi n y • , 

decirboxylS, coensyme mcovemd by Gale and Epps <*> ^ 
function as the coenzyme of lysine decarboxy ase is , determine 

ative, other amino acid decarboxylases have Tif.Ji „atlr™^ 

the possible role of this coensyme. The data lepo „l„. 

that codecarboxylase also functions on the coon zyme 
tamic acid decarbox 3 '’lascs. 
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Methods 

Bacterial cells were groivn under conditions which favor the develop- 
ment of ammo acid decarboxylases and dried in vacuo to yield cell prepara- 
tions. The decarboxylase enzymes were separated from the cell prepara- 
tions by autolysis and resolved by aging and dialysis to yield apoenzymes. 
Preparations of codecarboxylase from various sources were then studied 
to determine their ability to reactivate the apoenzyme. 

The decarboxylase activity of the cells and cell-free enzymes was meas- 
ured by conventional Warburg methods. Acetate or phthalate buffers 
were used between pH 4 and 5.5. Over this range the CO 2 is released as 
formed, so that the decarboxylase activity can be followed directly. 

The activity of the various enzyme preparations is expressed in terna 
of an enzyme unit for purposes of comparison. 1 unit of decarboxylase is 
defined as that amount of enzyme which will liberate 100 microliters of 
CO 2 from the amino acid in question in 10 minutes under the conditions 
of the test; i.e., at the optimum pH for each enzyme. All Warburg experi- 
ments were run at 28°. The enzyme activities are also expressed in Qcoi 
(protein), to indicate the purity of the preparations. Protein was deter- 
mined by the biuret test of Robinson and Hogden (7). 

Two principal sources of coen^yme were used: first, the “natural 
codecarboxylase isolated from dried breavers’ yeast by the procedure 0 ^ 
Gale and Epps (4) and purified through “Stage 2;” second, “synthetic 
codecarboxylase prepared from pyrido.xal by treatment with POClj ( )• 
The quantity of coenzyme in both the natural and the synthetic prepara 
tions was determined by the assay method of TJmbreit, Bellamy, and un 

salus (G). This employs tywosine decarboxylase apoenzyme obtaine rom 

cells grown in a medium deficient in members of the vitamin Bs gro^P 
(8). Coenzyme activities are expressed in terms of the amount 0 P)^> 
doxal ■which, in the presence of ATP, will give the same rate of C 2 
tion in the assay sy^stem; i.e., if 1 ml. of codecarboxylasc 
activate the assay system to the same extent as 0.3 y of pj 

ATP), the codecarboxylase solution xvould be said to contain • ^ 

codecarbo.vylase. The actual weight of the codecarboxylase ne^e. ^ ^ 

to give this response is unknown and may be somewhat less t 
in the example above. However, as pyridoxal is the only active 
available in pure form, activities are related to it. When 
boxylase is available in pure form and its activity per unitneig 
the actual amount of codecarboxylase in the solutions can e e 
from the relation to pyridoxal quoted here. 

Arginine Decarboxylase ^ ^ 

Arginine decarboxylase is formed by a number of types of ^p 

growth under acid conditions (9). This enzyme acts on arg 



■W. W. UMBREIT AND I. C. GUNSALUS 


335 


the corresponding amine, agmatine, and carbon dioxide. Gale (10), in a 
review article, has reported the isolation of the enzyme in cell-free state from 
Escherichia coli, but further details are not available. However, from the 
later papers of Gale and Epps (5) and Epps (11) it appears that a number 
of the amino acid decarbo.xylases are globulins with sufficiently similar 
properties to render their separation difficult. 

The present work involves the recovery of arginine decarboxylase from 
vacuum-dried Escherichia coli cells by the autolysis procedure of Gale and 
Epps (5), followed by purification to yield a water-clear enzyme solution. 
The apoenzyme was sufficiently resolved in these preparations to reveal 
the nature of the coenzyme. 

Culture and Growth Conditions — ^By a proper selection of strains one may 
obtain a culture of Escherichia coli which possesses only one or perhaps two 
amino acid decarboxylases. For this study the “Crookes” strain (Amer- 
ican Type Culture Collection, No. 8739) was used, because it possesses 
very active arginine and glutamic acid decarboxylases and is almost devoid 
of the lysine and tyrosine systems. Thus, any uncertainty which might 
arise from the presence of the coenzyme for the latter enzymes was mini- 
mized. 

A very active arginine decarboxylase can be obtained by growing the 
Crookes strain of Escherichia coli in a broth composed of 1 per cent each 
of pepticase (Sheffield brand enzyme-hydrolyzed casein), yeast extract, 
and cerelose, and 0.5 per cent K 2 HPO 4 . In addition, the activity can be 
increased still further if 1 to 2 per cent pepticase is added after 12 to 15 
hours incubation and the culture allowed to stand another 4 to 5^ houre 
before the cells are harvested. The arginine decarboxjdase used^in this 
study was obtained from cells which were grown 15 hours at 25 in the 
above medium, followed by the aseptic addition of another 1^ per 
pepticase and 0.5 per cent, cerelose and a further 5 hour incubation. T e 
cells were then harvested with a Sharpies centrifuge, washed once mt 
saline, suspended in distilled water, and dried in vacuo over drierite. 

The resulting .dried cell preparation decarboxjdated several ammo 
acids, as shomi in Table I. The cell preparations were kept m the dp' 
state over drierite, and were weighed just before use and suspen e m 
saline. As Table I shows, arginine and glutamic acid decarboxj aMS 
were present in good yield. The traces of histidine, Ij'sine, and tyrosine 
decarboxjdases disappeared completely upon treatment of the drie prep 
arations to isolate the decarboxylases. t v, 

Enzyme Purification and Resolution — As indicated in Table , t e ne^ 
cell preparation contained an arginine decarboxylase which nas ierj ac I'e 
at pH 5.5. The Qco, of 777 is equivalent to 1.3 enzjune uni^ per mg. 
or, assuming that the cells contain 50 to 60 per cent protein, a QcOi IP’'® 
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thesis of phosphocreatine . The same preparation was not used througliout, 
but in each case the codecarboxylase content of the material was deter- 
mined with the tyrosine assay system (6). 

Thus synthetic codecarboxylase prepared from pyridoxal and shown 
to act as the coenzyihe of tyrosine decarboxylase also functions as the 
coenzyme of arginine decarboxylase. 

The cell-free tyrosine decarboxylase will convert pyridoxal to the coen- 
zyme if ATP is also supplied (6) ; thus, one -would expect that the necessarj’ 
auxiliary enzymes for this conversion might also be present in the cell- 
free extracts of Escherichia coli. However, this is not the case, for the 
addition of pyridoxal (ivith or without ATP) did not result in increased 
arginine decarboxylation (see foot-note. Table II). 

The "natural” codecarboxylase preparations from dried brewers’ yeast, 
purified through Stage 2 of the procedure of Gale and Epps (4), stimulated 
the partially resolved arginine decarboxylase as well as did the 
"synthetic” codecarboxylase. Inasmuch as codecarboxylase from two 
entirely independent sources will activate the arginine decarboxylase, 
it is concluded that the coenzyme for arginine decarho.ty}ase is the same 
as that for the tyrosine and lysine decarboxylases. 

A third line of evidence of the nature of the coenzyme of the arginine 
decarboxylase is also available. That is, the partially purified ensjune 
solutions -were heated to destroy the enzyme, and the coenzyme was 
extracted and tested for its ability to activate the tyrosine system in the 
assay procedure for codecarboxylase (6). Assay of the two water-clear 
arginine preparations (Table II) showed 0.96 y of codecarboxylase per 
unit of enzyme present in the first sample and 1.1 y per unit in the secon , 
thus the codecarboxylase content, as estimated by tyrosine decarboxy 
lation, is approximately proportional to the arg'hiine decarboxy afmg 


activity. 


Dialysis was used in an attempt to resolve the enzyme but was ine 
as was the case xvith the lysine and tyrosine systems. Prolonge 
coupled ivith aging will effect some separation. For example, 
for 48 hours against 500 volumes of 0.001 M acetate at pH 5.5 reOT e 
a preparation with a Qcoi (protein) of 400 w'hich was stimulate y 
carboxylase to Qco, 810 (t.c., about 50 per cent resolution). 
is irreversibly inactivated by dialysis at pH 8. 


Glutamic Acid Decarboxylase ••dr 

As noted previously, this enzyme ivas associated -tvith the jjj 

boxylase and can be obtained in a water-clear enjyffie 

Also the glutamic acid decarboxylase can be resolved mto e . ^ 
which is stimulated by the synthetic coenzyme active for yr 
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or arginine decarboxylase. There is, therefore, presumptive evidence that 
pyridoxal in the form of codecarboxylase also functions as the coenzyme 
of glutamic acid decarboxylase. 

The glutamic acid decarboxylase, which is widely distributed in micro- 
organisms (9), liberates 1 mole of CO 2 from glutamic acid to yield y-amino- 
butyric acid. The optimum pH for activity of the enzyme with intact 
cells is pH 4 (9), but the cell-free enzyme has an optimum closer to pH 
5. The “Crookes” strain of Escherichia coli contained a very active glu- 
tamic acid decarboxylase (Table I) but as the arginine enzj-me was present 
m even greater concentration another strain was sought as a source of 
this enzyme free of the other decarboxylases. The American Type Culture 
Collection strain 4157 was found to lack the arginine enzyme and to contain 
only the lysine enzyme, among those tested, in addition to the glutamic 
acid decarboxylase. Strain 4157 is listed as National Collection of Tj^ie 
Cultures (London) No. 86. The latter is one of the strains employed by 
Gale (9) and found to contain a number of decarboxylases, but to lack the 
glutamic system. An explanation for this difference is not available; it 
is possible that strains have been mixed in stock collections. 

The glutamic enz 3 Tne was obtained in fair activity by growing the 
culture as follows; 10 liters of a medium composed of 1 per cent pepticase, 
0.1 per cent yeast extract, 0.25 per cent KjHPOi, and 1 per cent cerelose 
were inoculated with 40 ml. of an 8 hour culture of Escherichia coli, strain 
4157 , and incubated at 25°. After 15 hours maximum growth was obtained 
and the pH had fallen to 4.7; the culture at this stage possessed the glu- 
tamic acid and the lysine decarboxylases with Qcoi 53 and 120 respec- 
tively. The culture was allowed to incubate an additional 24 hours, and 
the cells harvested by Sharpies centrifuge, washed with saline, suspended in 
distilled water, and dried over drierite. The resulting dried cell preparation 
possessed only the glutamic acid decarboxylase; the acti\'ity for Ij’sine 
was apparently destroyed during the drying process. ^Tien tested at 
pH 5.0, the QcOi (glutamic) was 43.5, while the decarboxj’lases for tjTOsine, 
lysine, arginine, and histidine were completely lacking. 

The cell-free glutamic acid decarboxylase was obtained from those 
cells by the autolysis procedure of Gale and Epps (5). In this case 500 
mg. of dry preparation were incubated 2 hours at 37°, in 0.02 m phosphate 
buffer of pH 7.0, and the cell debris removed by centrifugation. The 
resulting cell-free extract was turbid, but contained a reasonably active 
glutamic acid decarboxylase (Table III). Considerable loss of the enzyme 
occurred during the extraction procedure, and further loss resulted from 
the process of resolution. In this case, dialj'sis was reasonably effective in 
the removal of the coenzyme, as shown in Table III. 

Those preparations from which part of the coenzjTne had been removed 
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by dialysis, or by aging, could be reactivated by the "natural” coenzjme 
or, when tested, by the “synthetic” coenzyme, Table III. Piiidoml, 
plus ATP, also restored the actmty of the enzyme preparations. There- 
fore, the enzj'mes necessary for the conversion of the pyridoxal into co- 
enzjme are present, as was the case with the tyrosine preparations (6). 

Thus the coenzyme of glutamic acid decarboxylase is also a pyridoial 
derivative. If the natural and synthetic codechrboxylases are similar, 
as is indicated by their equivalence in the tyrosine (6), arginine, and glu- 
tamic acid decarboxylase systems, one may conclude that the “natural’’ 
codecarboxylase is also a pjTidoxal derivative and thus that the coenzj-me 


Tabue III 


Cell-Free Glutamic Acid Decarboxylase from Escherichia eoli (Strain ilFl) 

Per Warbtirg cup, in the side arm, 0.5 ml. of m/ 15 glutamic acid, pH 5.0; in the cup, 
1.0 ml. of 0.07 M phthalate, pH 5.0, cells or enzyme, and other aditions to 2.5 ml. 






Ocoj 

Trealment 

Characler oi 
extract 

Recovery 

Alone 

PIa»06i 

coen- 

PIia6T 

^rricbiw 

tdesosififi 

tripioJ* 

] 

500 mg, dried cell preparatioa... 

Tiirhid 

vnits 

360 

46 

1 

per 

cent 

100 

13 

j 

87 

96 

llOf 

46 units cell-free extract; in- 
cubated 8 days, 0°, pH 7.0, cen- 
trifuged (Supernatant 1) 


i 

; 5 

1 H 

210 

295 


43 units cell-tiee extract; dia- 

1 

, Faintly turbid 

<< (1 

2.4 

1 

52 

no 

123 

43 units cell-free extract; dia- 

5.2 

12 

163 

260 

303 







* 


• Natural coenzyme from yeast (Gale and Epps); see “Methods." 
t Synthetic coenzyme, 0.8 y. 


of lysine decarboxylase is a member of the idtanun Bs group. 


In wen- of 

these data it seems probable that one of the functions of the xltunA 
group is to act as the general coen^nne of amino acid decarboxj b - 


SUMMARY 

Arginine decarboxylase and glutamic acid decarboxyla^ 
isolated in cell-free state from dried preparations of Escherienta t 
each has been shown to require a coenzyme for activity. --ygUr been 
Both enzymes require the codecarboxylase which has pm . .jgjgc. 
identified as the coenzyme of the lysine and tyrosme e 
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The synthetic codecarbox3’’lase prepared from pyridoxal has been shomi 
to be active with each enzyme. 

From the fact that codecarboxylase has been shown to function as the 
coenzyme of four amino acid decarboxylases, and synthetic codecarboxylase 
prepared from pyridoxal has been shomi to function in three of these, 
it is suggested that one of the functions of the vitamin Bs group is as the 
general coenzyme of amino acid decarboxylases. 
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FROM PYRUVATE 


Br HENRY A. LARDY* and JOHN A. ZIEGLERf 

(From the Departments of Chemistry and Pathological Chemistry, Banting Institute, 
University of Toronto, Toronto, Canada) 

(Received for publication, March 22, 1945) 

In the pathway of glycogen synthesis from pyruvate and lactate, one 
of the steps in the concatenated reactions known as the Embden-Meyerhof 
scheme which has remained obscure is the mechanism of phosphopyruvate 
“resynthesis.” This problem has been the subject of much speculation 
and some investigation. Since Meyerhof, Ohlmeyer, Gentner, and Maier- 
Leibnitz (1) reported the reaction, 

(1) Phosphopyruvate + ADP — * pyruvate + ATP 

to be irreversible, a number of alternate pathways have been proposed 
for the conversion of pyruvate, lactate, and other carbohydrate fragments 
to phosphopyruvate. 

li accordance with Kalckar’s demonstration of phosphopyruvate (here- 
after '^phPy)‘ synthesis during the oxidation of fumarate by kidney e.\'- 
tracts (3), it was suggested that this enol phosphate arose by a phosphoryla- 
tion directly coupled nith the oxidation of fumarate (Lipmann (2)). The 
finding that about one-sixth of the newly deposited glycogen, following 
lactate, pyruvate, or glucose feeding to rats, originated from tissue bicar- 
bonate led Solomon, Vennesland, Klemperer, Buchanan, and Hastings (4) 
to postulate that the formation of a 4-carbon compound as a precursor of 
~phPy is a logical step in glycogen synthesis from pjTuvate. Ferdman 
and Epstein (5) reported ~phPy synthesis during the o.xidation of lactate 
by cat muscle. In view of the fact that their medium contained bicar- 
bonate, it is possible that oxalacetate may have been formed and that 
subsequent phosphorylation of the 4-carbon acid could have led to ~phPy 
formation. 

Leloir and Munoz (6) found liver preparations to produce ~phPy during 
the oxidation of succinate, fumarate, and citrate but not of lactate and 
pyruvate. Other data presented by these workers have been previously 
interpreted (7) as indicating that ~phPy may not have arisen by direct 
phosphorylation of a 4-carbon compound. 

* National Research Council (Washington) Fellow* in Chemistry 1944-45. 

t Aided hy a grant from the National Research Council of Canada ^ 

’ Other abbreviations used in this paper are ATP for adenosine tripbosp ate, 
ADP for adenosine diphosphate, ph for high energy phosphate (2), r or 

phosphocreatine. 
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In a previous attempt to demonstrate the formation of phosplioenoloxa!- 
acetate it vas found that addition of oxalacetate, or pyruvate plus bicar- 
bonate, to aged rat muscle extracts resulted in a loss of ATP and an in- 
crease in inorganic phosphate but no accumulation of enol phosphate could 
be detected (8). 

The experiment on vhich the Heidelberg workers (1) based their con- 
clusions regarding the irreversibility of Reaction 1 was designed to detect 
any exchange of '^ph between ATP and ~phPy and did not depend on 
an accumulation of ~phPy produced from pyruvate and ATP. The group 
potential of the enol phosphate has been calculated by Lipmann ((2) p. 110), 
from thermal data, to be approximately 11,250 calories, or of the same 
magnitude as that of the two terminal phosphates of ATP. From a thermo- 
dynamic point of view, therefore, it seems that, in the steady state, phos- 
phate exchange should occur between ATP and ~phPy. Meyerhof ap- 
parently recognized this, for, in discussing the experiment from which 
it was concluded that Reaction 1 is irreversible, he stated in 1941 (9), “But 
we must concede that the experimental basis for this negative result is not 
too large and therefore accept it with some reservation until it is more 
firmly established.” 

The discovery, by Boyer el al. (10, 11), that K+ is nece.ssary for the 
transfer of ~ph from ~phPy to the adenylic S3'stem bears strongly on 
the validity of that conclusion, for the Heidelberg workers employed an 
enzyme extract which has been dialyzed for 12 hours and the protocol of 
their experiment does not indicate the addition of any potassium salt- 
The reaction has therefore been investigated -with radioactive phosphorus, 
and the relation of various cations to the reversal of Reaction 1 and to t e 
oxidative phosphorylation of d-glyceraldehyde 3-phosphate has been 
studied. 


Methods 

All experiments reported in this paper were made with a dialyzed 
of acetone-precipitated rat muscle extract prepared as described el^a e 
(11). di-Glyceraldehyde 3-phosphate (Fischer-Baer ester) was synt esi 
according to the new procedure of Baer and Fischer (12); the ot 
strates were as previously described (10, 11).“ All acids were neu 
with sodium hydroxide and the final pH of the reaction mixtures was a ' 
7.4. No bicarbonate was added in any of the experiments. 

The enzyme reaction mixtures were deproteinized with trie 
acid and immediately placed in an ice-salt bath. Inorganic pm 

* The cozymase used in these experiments was kindly suppued o} acetate 

of Merck and Company, Inc., Rahway, New Jersey, deso^corUcM 
by Dr. Erwin Schwenk of the Sobering Corporation, Bioomfiela, - 
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was separated from the filtrate as MgNH4P04-6H20 by treatment -n-ith 
magnesia mixture (13). ~phPy was then hj’-drolyzed by the alkaline 
iodine procedure of Lohmann and Meyerhof (14). 

Following removal of the excess iodine under acid conditions the inor- 
ganic phosphate liberated was either separated for determination of radio- 
activity by treatment with magnesia mixture or, in other experiments, was 
determined quantitatively after removal of the iodoform. The labile 
phosphate groups of adenosine polyphosphates were hydrolyzed by 1 N HCl 
for 7 minutes at 100° and the inorganic phosphate was separated with 
magnesia mixture. The inorganic phosphate fractions were analj'zed 
by a micro modification of the Fiske and Subbarow method (15) adapted 
to a photoelectric colorimeter. 

The radioactivity of aliquots of the phosphate fractions was determined 
with a Lauritsen electroscope.’ The activity, measured as net rate of 
deflection, is expressed as divisions of deflection per minute per mg. of 
phosphonis. 

~phCr was determined in the fraction of the filtrate soluble in 2 per 
cent CaCh at pH 8.2 (16). The alkali lability of triose phosphate (17) 
interferes with the accurate determination of both ~phCr and '^phPy and 
therefore the ester is converted to inorganic phosphate before proceeding 
ivith the fractionations. This was accomplished by making the filtrates 
containing triose phosphate 1 n with NaOH and holding for 30 minutes 
at room temperature. 

Results 

Preliminary experiments with an imdialyzed extract of muscle acetone 
powder demonstrated that inorganic phosphate containing P” was in- 
corporated into the labile phosphate of ATP during the oxidation of d-gly- 
ceraldehyde 3-phosphate and that this labeled ~ph was in turn introduced 
into ~phPy. Since K'*' is necessary to catalyze Reaction 1 (10, 11) and 
in view of the fact that the Heidelberg workers used a dialyzed enzjTne 
and added no potassium salts to their reaction mixture, it seemed reason- 
able that the distribution of ~ph between ATP and ~phP}' was contingent 
on the presence of K"*". The results of experiments testing this possibility 
are shoivn in Table I. The ~phPy in these experiments was produced 
enzymatically (18) by incubating the phosphoglycerate and enzyme for 10 
minutes at 25°, followed by 10 minutes at 37° before the addition of fluoride. 
Experimental incubation time was measured from the addition of ATP 
to deproteinization. 

The traces of radioactivitj* appearing in the ~phPj' fraction at zero 

* We are indebted to Mr. D. Scott of the Banting and Best Department of Medical 
Research for the radioactimty measurements. 
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time are the result of incomplete precipitation of inorganic phosphate by 
the first treatment with magnesia mixture. In five other zero time samples 
the degree of contamination of the ~phPy fraction never exceeded that 
obtained in Experiments A and B. The decrease in activity of the in- 
organic fraction during incubation is the result of transfer to other frac- 
tions and of the increase in inorganic phosphate due to spontaneous de- 
composition of 1 ,3-diphosphoglycerate (19, 20). 

The equilibrium between ~phPy and ATP, which in these experiments 
was followed by the distribution of P^^, can be seen to be hastened by the 

Table I 

Exchange of High Energy Phosphate between Phosphopyrnvale and Adenosine 

Triphosphate 

At the time of fluoride addition each tube contained the following (expressed in 
micromoles) : phosphoglycerate 80, phosphopyruvate 20, lactate 100, MgCh 20, 
MnSOi 8, cozymase 0.3, inorganic phosphate (containing P”) 33, and 1.6 mi. of en- 
zyme solution. After the addition of 200 micromoles of NaF, 3.2 micromoles of 
adenosine triphosphate were added, giving a final volume of 4 ml. Incubated 15 
minutes at 37°. 


Experiment 

KCl added 

P>* content of phosphate fractions expressed in divisions 
per min. per me- P 

Inorganic 

Adenosine triphos- 
phate 

Phospbopytuvate 

Zero time 

mtcromoles 

200 

62 

0.0 

1.3 

A 

None 

46 

15 

S.7 


200 

42 

15 

8.6 

1.4 

Zero time 

None 

63 

1.0 

B 

H 

53 

15 

6.3 


' 200 

47 

14 

11 

8.4 


200* 

49 

13 


* 2 mg. of desoxycorticosterone acetate were added. 


addition of IC+. The incorporation of P®^ into the various fractions is 
the result of the following equilibrium reactions. 

(2) d-Glyceraldehyde 3-phosphate -p inorganic phosphate -f 

1,3-diphosphoglycerate -1- reduced cozym 

(3) Reduced cozymase + pyruvate cozymase -f ® „„ 

(4) 1 , 3-Diphosphoglycerate + ADP ;=c 3-phosphoglycerate + A 

(5) Pyruvate + ATP phosphopyruvate -f ADP 

Phosphate exchange between '^phPy and ATP occurred jJjp 

able extent even without added potassium but, as shotvn m 
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enzj’-me was only partially depleted of K+ by the 48 hour dialysis. The 
enzyme solution must have retained sufficient quantities of K+ to catalyze 
the transfer of phosphate from ~phPy to ADP but at a rate not greater 
than three-sevenths that obtained ivith added potassium. 

K+, Mg^, and Mn++ in Relation to Phosphorylations Coupled with Oxida- 
tion of d-Glyceraldehyde 3-Phosphate — From the above results it appeared 
that the incorporation of inorganic phosphate into ATP (through the 

Table II 

Extent of Dialysis of Enzyme and Proof of Fluoride Inhibition 
Each tube contained the following additions (expressed in micromoles) in a final 
volume of 1 ml.: phosphoglycerate 10, creatine 60, adenosine triphosphate 0.16, 
inorganic phosphate 100, and 0.5 ml. of enzyme solution. Incubated 10 minutes 
at 37°. 


Otiier additions 

Fbospbocreatloe 

synthesized 

MgCIi 

KCI 

NaF j 

tnicromoUs 

micromoles i 

micromoles 

micromoles 


100 


0.1 

5 



1.2 

5 

100 


2.8 

6 

100 

so 

0.1 


Table III 

Phosphorylation of Creatine during Oxidation of Fischer-Bacr Ester 
Each tube contained the following additions (expressed in micromoles) in a final 
volume of 2 ml.: inorganic phosphate 100, d/-glyceraldehyde 3-phosphate 30 (of d 
component), coz 3 'mase 0.15, pyruvate 200, creatine SO, adenosine triphosphate 0.16, 
MgClj 20, MnS 04 3, NaF 120, and 0.7 ml. of enzj-rae solution. Incubated 20 minutes 


at 37°. 

KCI added 

Phosphocrealmc s>'nlhcsized 

micromoles 

micromoles 

Kone 

S.3 

200 

7.4 


oxidation of glyceraldehyde phosphate) was influenced less bj’ potassium 
than the equilibrium between ~phPy and ATP. The effect of K'*', Mg' ' , 
and ^ 1 x 1 ++ on the oxidative phosphorj-lation was therefore investigated. 
The results in Table III show that added was not required for Pcactions 
2, 3, and 4. It was shown by Boyer cl al. (10) that K"*" is not required for 
the phosphorylation of creatine by ATP; since ^Ig^ is required for tlie 
latter phosphorjdation (21), its requirement for Reactions 2, 3, and 4 could 
not be tested by the sj'stem shown in Table III. 
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In experiments ivith adenylic acid as ~ph acceptor, it was found (Table 
IV) that Mg++ or Mn++ additions were also unnecessary for the oxidation 
of glyceraldehyde phosphate and the transfer of ~ph from 1,3-diphospho- 
glycerate to the adenylic system. The addition of traces of ATP was 
not required to initiate the phosphorylation of adenylic acid. In the phos- 

Tablb IV 

Fixation of Inorganic Phosphate during Oxidation of Fischef-Baer Ester and Transfer 
of Phosphate to Adenylic Acid 

Kach tube contained the following additions (expressed in micromoles) in a final 
volume of 2 ml.: inorganic phosphate 20, dl-glyceraldehyde 3-phosphate 20 (of 
component), cozymase 0.15, pyruvate 200, adenylic acid 10 (capable of accepting 20 
micromoles of high energy phosphate), NaF 100, and 0.7 ml. of enzyme solution. 
Incubated S minutes at 37°. 


Other additions 

Inorganic phosphate 
taken up 

MsCl, 

' MnSOi 

t Adenosine triphosph^l* 

microtmjles 

micromoUs 

mxcromoU 

tnictomoUs 



0.16 

4.0 

10 


0.16 

4.1 


10 

0.16 

5.4 

10 

10 ! 

0.16 

4.0 

10 

10 , 


1 4.0 


Table V 

Synthesis of Phosphopyruvate during Oxidation of Fi^'^her-Bacr Ester 
Each tube contained the following additions (expressed *n 
volume of 2.25 ml. : inorganic phosphate 150, pyruvate 300, df-Bfynomfn^ 7 Vjjujjje 
phate 20 (of cf component) , cozymase 0.16, hexose diphosphat® 20, NaF , a ® j 

triphosphate 0.4, MgCL- 20, MnSOi 10, and 0.63 ml. of enzyme solution. Inc 


at 37°. 





Experiment 

Time of incubation 

KCI added 

fhoiphopyravi^^ 

sj^thesuea 

A 

tntfj. 

20 

micromoUs 

None 

200 

micTomoU 

0.00 

0.58 

O.OC 

B 

12 

None 

0.52 
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phorylation of creatine by ~phPy, adenylic acid is no neat , /gj jl) 

a ~ph carrier as the higher phosphorylated adenylic compou^^^ 

hut where there is an accumulation of ~ph in the ^^^ohPy (other 

Table W or in the phosphorylation of adenylic . Locess. 
experiments), additions of ADP or ATP do not accele 
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Synthesis of Phosphopynivaie—Smce Reaction 5 was shorni in the above 
experiments ivith j^g reversible, the synthesis of ~phPy from py- 

ruvate should occur when the supply of ~ph is continually being renewed 
by another reaction. As shoivn in Table V, ~phPy was synthesized from 
pyruvate when the ~ph was produced by oxidation of glyceraldehyde 3- 
phosphate, but only when K+ was added. The ~phPy values for each 
sample are corrected for traces of inorganic phosphate remaining after the 
treatment with magnesia mixture. Although the amounts of ~phPy 
synthesized are small, they are far greater than the limit of accuracy of 
the analytical methods (0.05 micromole) and it must be remembered that 
the 3-phosphoglycerate produced also competes with pyruvate for the 
~ph. The 1 ,3-diphosphoglycerate produced in the competitive reaction 
spontaneously decomposes (19, 20) to give inorganic phosphate and 3- 
phosphoglycerate which may again accept ~ph. Hexose diphosphate was 
added in these experiments to prevent removal of d-glyceraldehyde 3- 
phosphate^ by the isomerase-aldolase equilibrium. 

The concentration of NaF in these experiments is far greater than that 
required completely to inhibit enolase (23) (see also Table II). Further 
evidence that the ~phPy produced did not come from phosphoglycerate 
is the fact that ~phPy appeared only when K+ was added. 

DISCUSSION 

It has been experimentally demonstrated by the distribution of P’- and 
by direct synthesis that pyruvate may be enzymatically phosphoiydated 
by ATP in the presence of K+ and Mg++ to produce ~phPy. The impli- 
cations of this finding for the mechanism of glycogen synthesis are evident. 
It is no longer necessary to postulate the occurrence of a 4-carbon inter- 
mediate in the synthesis of ~phPy from pyruvate. It is a thermodjmamic 
fact that a pathway of ~phPy synthesis from pyruvate through a 4-carbon 
intermediate, regardless of its mechanism, can be energetically no more 
economical than the direct synthesis by Reaction 5. In the intact or- 
ganism the continually applied “potential” of ~ph produced by the oxida- 
tion of carbohydrate (see (2) and (24)) or fat (25) can suppb’ the cnergj- 
for the synthesis of hexoses from pyruvate. The finding of Buchanan, 
Hastings, and Nesbett (26) that high concentrations of K+ were necessary 
to obtain glycogen formation from pyruvate in liver slices can be e.xplained, 
at least in part, by the necessity of K+ for Reaction 5. 

* Only the d component of the Fischer-Baer ester condenses in the presence of rat 
muscle isomerase and aldolase at low temperature to produce hexose diphospliatc 
(H. A. L., unpublished data). Z-Glyceraldehyde 3-phosphatc differs from the free 
Z-glyceraldehyde in that the latter can condense with dihydroxj’acctone phosphate to 
form f-sorbose 1-phosphate (22) . 
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The present findings do not rule out the possibility of ~phPy formation, 
by direct oxidative phosphorjdation of a 4-carbon dicarboxj'hc acid, but 
they do eliminate such a 4-carbon compound as an obligatory intermediate 
in the conversion of pjTuvate to ~phPy. 

The mechanism by which bicarbonate is incorporated into glycogen 
vdll probably be disclosed by further studies on the reversibility of pyruvate 
decarboxylation (27, 28) and on the extent to which the enol group of 
oxalacetate can shift between carbon atoms 2 and 3 (29, 30). 

StJMMART 

It has been demonstrated bj’^ two separate enzymatic techniques that 
the reaction 


Pyruvate + ATP phosphopyruvate -f ADP 

is reversible. 

P’- incorporated into ATP during the oxidation of glyceraldehyde S-phos- 
phate was in equilibrium with that in phosphopyruvate. 

Pyruvate was enzymatically phosphorylated when high energy phosphate 
was continually supplied by the oxidation of glyceraldehyde 3 -pbosphate. 
The importance of K+ for the synthesis of phosphopyruvate from pyruvate 
was demonstrated. 

K"*" and Mg++ or ]Mn++ are needed in much lower concentrations (if at all) 
for the oxidation of glyceraldehj'de 3-phosphate and the transfer of high 
energy phosphate to the adenylic system than for the transfer from phos- 
phoglycerate through phosphopyruvate to adenylate. 


I am indebted to Professors Hermann 0. L. Pischer and Andrew Hunto") 
in whose laboratories these experiments were conducted, for kindly 
ing supplies and equipment, and to Professor Erich Baer who introduce o 
me the synthesis of dl-glyceraldehyde 3-phosphate. (H. A. L.) 
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ISOLATION AND PROPERTIES OF THE ANTERIOR 
HYPOPHYSEAL GROWTH HORMONE* 

Bt CHOH HAO LI, HERBERT M. EVANS, and MIRIAM E. SIMPSON 

(From the Institute of Experimental Biology, University of California, Berkeley) 
(Received for publication, March 22, 1945) 

During the last decade the question has been raised (1, 2) as to the 
existence of the anterior hypophyseal gro\\'th hormone. One of us (3) 
has answered tins contention elsewhere but it should be conceded that 
final proof for the growth hormone as a separate entity can only be obtained 
by the isolation of the hormone freed from other active components as 
well as from inert proteins. In this paper we will describe a method, 
briefly reported earlier (4), for isolating a protein from the anterior lobe of 
ox pituitary, which can be shown to have the biological characteristics of 
the growth hormone. 

Method of Assay 

For the routine assay of growth hormone preparations hypophj'secto- 
mized female rats, 26 to 28 days of age at the time of the operation and 
10 to 14 days postoperative, were used. The body growth of these animals 
after nine intraperitoneal injections in 10 days was taken as the estimation 
of the growth-promoting activity of a preparation (5, 6). 

Method of Isolation 

The e.xtraction of growth hormone from fresh anterior pituitarj' sub- 
stance or acetone-dried glands is generally carried out in alkaline solutions 
(7-10). The methods published from this laboratorj' in recent years 
involve a treatment with cysteine (9) wliich destroj^s lactogenic, thyro- 
tropic, and gonadotropic activities but not growth potency; while bio- 
logical purification was achieved by this method, chemical purification 
was not obtained. The method herein described for the isolation of 
growth hormone does not include the cysteine step but invoivc.s salt frac- 
tionation and isoelectric precipitation. 

1. Acetone-Dried Powder — ^The dissected anterior lobes of ox pituitaries 
are ground and dried with chilled acetone (—10°). From 1 Icilo of anterior 
lobes of beef pituitaries the jdeld of dried powder is approximately 250 gm. 
This material can be stored indefinitel 5 ' without loss of growth potency if 
it is completely dried. 

2. Calcium Hydroxide Extract — The acetone-dried i)owder (-400 gm.) i*- 

* Aided bj- grants from the Rockefeller Foundation, ^>c^v lork; the Josiah Maej , 
Jr., Foundation, New York; and the National Research Council Committee on Re- 
search in Endocrinologj'. 
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extracted with 12 liters of Ca(OH). solution of about 11.5 for 24 hours; 
the pH is then lowered to 8.7 by adding COj gas. The insoluble material, 
which should settle easily rvithin 24 or 48 hours, is reinoved by centrifuga- 
tion. This step, as are all other steps, is carried out Rt 2-3°. 

8. Globulin Fraction — The Ca(OH): extract is brought to 2.0 m by the 
addition of solid (NH4)2S04. The resulting precipitate is suspended in 
4 liters of water and the solution is brought to 0.6 m with (NH4)2S04. The 
precipitate is centrifuged and discarded. The supernatant is next precip- 
itated again with 2.0 m (NH 4)2S04. The precipitate formed is dissolved 
in 1 liter of water and dialyzed until salt-free. The pH of the thoroughly 
dialyzed material should be 6.5 to 7.0. If this pH range is not achieved, 
a few drops of 1 m HCl or NaOH may be added. The insoluble material 
in the dialysis sac contains most of the growdh-stimulating protein and is 
called the “globulin fraction.” 

4- NaCl Fractionation — The globulin fraction is dissolved in 600 cc. of 
solution by the addition of 1.0 m HCl until the pH becomes 4.0. To this 
solution a saturated NaCl solution is added to a salt concentration of 
ftJO .M, Tie pjeejpjtate iojuDed is devaid a.! ,gT£'»di sctivity aed is there- 
fore discarded. The supernatant is brought to 5.0 Mivith solid NaCl. The 
5.0 M NaCl precipitate is redissolved in 300 cc. of solution of pH 4.0 and 


the NaCl fractionation is repeated twice. 

6. pH and (NHi) 2 SOi Fractionation — ^The final 5.0 m NaCl precipitate 
is dissolved in 200 cc. of water and dialyzed until salt-free. The dialyzed 
solution is adjusted to pH 5.7 to 5.8 and the precipitate formed is centn- 
fuged off. The supernatant is then made alkaline and adjusted to pH 
8.7 to 8.8, the precipitate again being removed by centrifugation. The 
clear fluid is then next brought to 1.65 m with (NH4)2904 at pH 7.0. The 
(NH4)2S04 precipitate is dissolved in 150 cc. of w'ater and dialyzed. The 


change in pH and the (NH4)2S04 fractionation are repeated tmce. 

6. Isoelectric Precipitation — ^The dialyzed solution uf the final 1.65 m 
(NH 4)2S04 precipitate is precipitated at pH 5.7 to 5.8 and pH 8.7 to 8.8 
as above and finally at pH 6.8 to 6.9 in the absence of (NH4)2S04. TIm 
isoelectric precipitation is repeated twice. The final precipitate at p 


6.8 to 6.9 is the growth hormone. 

Table I presents the averaged protein yields of nitrogen in each step from 
tw'enty-five experiments. It may be noted that approximately 
of the growth hormone was isolated from 1 kilo of o\ anterior pitui 


substance. 


Biological Potency 

"When growth hormone preparations obtained by the above ^ 

assayed in hypophysectomized female rats (intraperitpneal injec ^ 
days), a total dose of 5 mg. gives no histological evidence of the prese 
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adrenocorticotropic, thyrotropic, or gonadotropic hormonal contamina- 
tions. In addition, when a total dose of 10 mg. was injected subcutaneously 
into month-old squabs (4 days), the absence of crop sac response indicates 
the absence of the lactogenic hormone. 


Table I 

Yield of Protein Nitrogen in Isolation Procedure with IflO Gm. of Acetone-Dried Ox 
Anterior Piluitary As Starling Material 


Iso?ation step No. 

(see the text) 

Fraction 

Yield of protein N 



Ptg. 

2 

Ca(OH )2 extract 

7000 

3 and 4 

Solution at pH 4.0 of “globulin fraction” 

1300 

4 

First 0.10 M NaCl-soluble material 

500 

5 

Dialyzed material of final 1.65 M (XH,).SOi 

120 


ppt. 


6 

Final isoelectric ppt. (growth hormone) 

12 


Table II 

Biological Potency of Growth Hormone in Hypophysectomizcd Rais 


Daily dose 

No. of rats 

Average growth in 10 days 

mg. 


gm. 

0.10 

36 

19.2 

0.05 

21 

18.3 

0.02 

11 

11.0 

0.01 

18 

10.0 


Table III 

Assay of Growth Hormone on Proximal Epiphyseal Cartilage of Tibia 


1 


1 Width of uncalcified cartilage 

Daily dose 

No. of rats i 



Mean 

Difference from control 

mg- 


M 

ft 


6 

344 

189 

0.03 

8 

296 

141 

0.01 

8 

220 

65 

0.00 

7 

1 

155 

0 


The growth acthdty of a typical preparation, as estimated bj' the bodj 
weight increments produced in hjTiophysectomized female rats, is gi\cn 
in Table II. It may be noted that a 0.010 mg. daily dose (nine injection) 
causes a 10 gm. increase in body weight in 10 days. The biological acti\ itj 
of the growth hormone preparation is also standardized by its action on the 
epiphyseal cartilage of hypophysectomized female rats (11). results 

are summarized in Table III; it is e^ddent that a O.OlO mg. daily doce for 
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4 days is sufficient to increase the width of the uncalcified portion of the 
proximal epiphyseal cartilage of the tibia 50 per cent over that of the 
control. 


Homogeneity Studies 

Electrophoresis — Electrophoretic studies were conducted in a Tiselius 
(12) apparatus with the scanning method of Longsworth (13). The frac- 
tion obtained from each step in the purification was examined carefully as 
to its electrophoretic homogeneity. The increase of growth potency, the 
removal of biologically active contaminants, and the decrease in the 
number of boundaries in electrophoresis were correlated so as to evaluate the 
usefulness of each purification step. In this way, one can ascertain the 
component in the electrophoresis patterns which represents the growth 
hormone. For instance, the material secured from step (5) posse.ssed one 



Fig. 1. Electrophoresis patterns of (a) n growth hormone fraction before isoelec- 
tric precipitation and (6) the same fraction after the isoelectric precipitation m 
acetate buffer of pH 4.0 and an ionic strength of 0.10; potential gradient about 6 
volts per cm.; 120 minutes electrolysis. 


main component together with two other components in smaller concen- 
tration, when subjected to electrophoretic examination in an acetate buffer 
of pH 4.0 and 0.10 ionic strength (see Fig. 1, a). After isoelectric precipi- 
tation of this same fraction, the final product retained only the main com- 
ponent without loss of growth potency (see Fig. 1, i>). . 

The electrophoretic examination of the final product reveals no indication 
of the presence of other components. Fig. 2 gives some typical elec ro- 
phoretic patterns of the ascending boundary when the electrophoreas 
proceeds in acetate buffer of pH 4.95 and an ionic strength of 0.10 at 
for 540 minutes, while Fig. 3 is obtained in barbiturate buffer of pH 9. ** 
an ionic strength of 0.10 after the current is on for 360 minutes. 

When a 1 per cent growth hormone solution was electrolyzed m ace 
buffer of pH 4.0 at a potential gradient of about 6 volts per ji, 

minutes, separate recovery was made of the solution in the ano e i 
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the cathode limb, and in the middle portion of the electrophoresis cell. 
After the nitrogen content was determined by micro-Kjeldahl anatysis. 



i h 

r’ 



< -I 


I'lCJ. 2. Klectrophoresis patterns of the ascending boundary of a grou'th hormone 
liroparation in acetate buffer of pH 4 95 and an ionic strength of 0 10 Electrolysis 
for (a) ISO minutes, (6) 240 minutes, and (c) 540 minutes at a potential gradient of 2^ 
volts per cm. 



Fig. 3. Electrophoresis patterns of the ascending boundary of a growth hormone 
preparation in barbiturate buffer of pH 9 60 and an ionic strength of 0 10 for 3W 
niinutes at a potential gradient of 2.6 volts per cm 

the fractions tvere assayed in hj'poph^’sectomized female rats for 
activity. It will be obseived in Table IV that there na.*; no ‘^ipnific.-mt 
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difference in the growth potency of these fractions. If the protein were 
not the hormone, a marked decrease or increase of growth actii-ity should 
be obtained in one of the fractions. 

Diffusion — The value of the sintered glass disk technique to indicate 
homogeneity of biologically active proteins has been emphasized by North- 
rop and Anson (14) and others. A 0.5 per cent growth hormone solution 
(acetate buffer of pH 4.0) was diffused through a sintered glass disk into 
25 cc. of the same buffer which was replaced with fresh solution at definite 
time inten'als. The amount of nitrogen diffused in each period was deter- 
mined with the micro-Kjeldahl method. As shown in Table V, the amount 
of diffused nitrogen per day was practically constant, indicating uniformity 


Table IV 

Assay of Protein Solutions in Different Sections of an Electrophoresis Cell 
Daily dose, 0.05 mg. 


Fraction 

No of rats 

A\ crage growth in 10 da> s 



gm. 

Anode 

4 

16 

Cathode 

7 

16 

Center 

8 

18 


Table V 


Amount of Nitrogen Diffused in Successive Days with Growth Preparation 


Sample 

Diffusion period 

Amount of N 


days 

mg 

A 

4 

0.451 

B 

1 

0.105 

C 

1 

0.090 

D 

1 

0.105 


in the molecular size of the protein. There was also no appreciable di ei 
ence in the growth potency of the protein solutions (0.05 mg. daily) be ore 
and after the diffusion experiment, as shown by an average growth in 
days of 16 gm. for nine rats before diffusion and of 15 gm. for eight re s 
after diffusion. If the growth hormone molecule were actually sma e^ 
in size than the contaminating proteins, it would have diffused 
the remaining protein solution would have shown loss of growth-promo 

activity. jjIjo 

Solubility — The purity of the growth hormone preparatio ‘ 
e-xamined by the solubility method of Northrop (15). 1 r of 

used, distilled water of pH 7.1, 3.8 m NaCl in 0.07 m phosphate bune 
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pH 6.4, and-4.8 m NaCl in 0.07 m phosphate buffer of pH 5.7. All measure- 
ments were made at 5°. The soluble nitrogen was analyzed bj’ the micro- 



Fig. 4. Solubility curves of the growth hormone in various solvents at 5°. (A) 
solvent, distilled water, pH 7.1; (B) solvent, 4.S m XaCl in 0.07 M phosphate buffer, 
pH 5.7; (C) solvent, 3.8 xi XaCl in 0.07 xi phosphate buffer, pH 6.4. 

Kjeldahl method. The results presented in Fig. 4 indicate that the solu- 
bility of the growth hormone preparation is constant after the appearance 
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of the solid phase. Bioassays of the soluble and insoluble protein revealed 
no difference in the growth-promoting activity. 

Particles of Growth Hormone 

A 1.0 per cent growth hormone solution, at approximately pH 10, was 
immersed in a water bath of about 30°; 1 or 2 drops of 1 m HCl were added 
to bring the pH down to about 7.0; the precipitate was centrifuged off in 
a warm environment. The opalescent supernatant was set aside in a cold 
room (2-3°). After 2 or 3 days, the particles which had settled were found 
to be remarkably uniform in size and shape. These ball-shaped particles 
were assayed in hypophysectomized female rats and found to possess the 



Fig. 5. The growth hormone particles. X150 


same growth potency as the original solution. Fig. 5 shows a photomicro 
graph of the growth hormone particles. 

Isoelectric Point and Molecular Weight 

In a series of buffer solutions of different pH we have obtained 
ity of the growth hormone in a Tiselius electrophoresis apparatus, 
ionic strength of the buffer was 0.10 and the temperature 1.5°. g- 

6, the isoelectric point of the growth hormone is estimated to be p 
At the isoelectric point and in the presence of (NH4)?S04, the gro« ‘ ^ 

mone is sufficiently soluble for osmotic pressure measurements. 
these conditions the molecular weight of the hormone was foun 
44,250, as calculated b 3 '^ the modified van’t Hoff equation (10). 

ill = CdRT/mP 
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in which C is the number of gm. of solute dissolved in 1(10 gm. of solvent, 
M the molecular weight of the solute, d the density of the solvent, P the 
observed pressure in cm. of water, R and T having their usual significance. 
The results are summarized in Table VI; the value 44,250 is an average 
figure from four determinations ivith four different growth hormone prep- 



arations. The method of measuring the osmotic pressure was that em 
ployed in a previous investigation (17). 

Some Analytical Data 

The results are summarized in Table VII. • u . u v 

Carbon, hj'drogen, sulfur, and nitrogen (Dumas) were obtain j up 
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cate analyses.! The Kjeldahl nitrogen was an average of many deter- 
minations ; selenium oxychloride in HsS 04 was used as the digestion mixture. 

Amino N was obtained by the usual method in the Van Slyke apparatus. 
The value is an average of two determinations. The estimate of amide 
N was kindly carried out by Dr, H. S. Olcott in duplicate determinations 
The number of acid and basic groups was kindly determined for us by 
Dr. H. Fraenkel-Conrat xiith a micro technique employing a dye titration 
method. 

Tyrosine and tryptophane contents were averages of six determinations 
with two growth hormone preparations by Lugg’s modification (18) of the 
method of Folin and Ciocalteu. Approximately 70 mg. of protein vere 

Table VII 


Some Analytical Data on Growth Hormone 


Constituent 

Content 

c 

per cent 

46 35 

H 

7.07 

S 

1.30 

N, Dumas 

15 65 

“ Kjeldahl 

15 50 

Amino N 

0.76 

Amide " 

1.20 

No of acid groups per 10,000 gra protein 

' 9 SO 

“ “ base “ “ 10,000 " 

13.40 

Tyrosine 

4 30 

Tryptophane 

0.92 

Cysteine 

0 00 

Glutamic acid 

13 40 


used in each experiment and the color developed was read in a Cenco 
photelometer. The technique has been described in a prevdous papf’’ 

When growth hormone was dissolved in ammoniacal solution in the 
presence of nitroprusside, no violet color was observed. Moreover, 
growth hormone did not take up iodine in acid solution, 
absence of SH groups. It may therefore be concluded that the o 

contains no cysteine. . micro- 

The glutamic acid was determined by Lems and Olcott umng a 
biological method (20). The value was derived from duphcate 
minations. 

* Analyzed by Dr. Carl Tiedcke of New York. 
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Effect of Trypsin and Pepsin 

The solvent used for the pepsin experiments was acetate buffer of 
pH 4.0 and that for the tiypsin, borate buffer (pH 8.5). The hormonal 
concentration was 0.9 mg. per cc., while the enzyme concentration was 
0.4 mg. per cc. Both the trypsin and pepsin employed were commercial 
preparations, pepsin (Lilly) and trypsin (Pfanstiehl). The temperature 
of the incubation was 37° ± 1°. At the end of 90 minutes, solutions were 
neutralized and kept at 0° for assay. As showm in Table VIII, the growth 
potency as assayed in hypophysectomized female rats was greatly reduced 
after enz 3 matic treatment. These results are to be expected if the pro- 
tein is the hormone. 


Effect of Heat 

It is generally believed that growth hormone is a thermolabile substance. 
The destructive effect of alkali has been noted by Evans, Meyer, and 
Simpson (21) who found that growth activity is greatly decreased when 

Table VIII 


Effect of Trypsin and Pepsin on Growth Hormone 


Treatment 

Daily dose 

No. of rats I 

Average crowtb in 

10 days 


mg. 


xn. 

Untreated 


8 

17 

Pepsin 


8 


Trypsin 

■■i 

10 

I 1 


extracts are warmed to 37-50° at pH 11 or 12. On the other hand, Shipley 
(22) showed that growth potency is only reduced 50 per cent when extracts 
are boiled at pH 2.0 for 10 minutes. It appeared of interest to investigate 
the heat stability of the growth hormone in some detail. 

The protein concentration used in boiling experiments was 1 mg. per cc. 
Three buffers were used: acetate buffer (pH 4.0) of ionic strength 0.10, 
phosphate buffer (pH 7.5) of ionic strength 0.10, and 0.1 -m Na:HPO< solu- 
tion (pH 8.9). The hormone solutions were placed in 50 cc. test-tubes and 
immersed in boiling water for 10 minutes. After the solutions were cooled 
and neutralized, they were assayrnd in female rats for 

growth potency. It was noted that all solutions became very' cloudy' during 
heating. The results summarized in Table IX indicate that the grou'th 
actirity' is practically lost under these conditions. 

The protein was also subjected to heat treatment at lower temperatuim 
The protein concentration was 0.2 mg. per cc. in phosphate buffer of pH 
7.0 and an ionic strength of 0.10. The length of heat treatment was CO 
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minutes. It was observed that the solution remained perfectly clear up 
to 60°; turbidity began at 70° and flocculent precipitation occurred at 
80°. On the other hand, the growth potency was not significantly reduced 
at 60° but was destroyed at 70° and 80° as judged by assay in hypophy- 
sectomized rats (see Table IX) . It is of great interest; to note that decrease 
in growth activity always coincided with the appearance of protein precipi- 
tation. 

Finally, we determined the stability of growth honnone in acid or alkali 
solutions at 60°. Growth hormone (10 mg.) was dissolved in 50 cc. of 
0.1 M NaCl with the aid of 1 drop of 1.0 m NaOH or 1.0 M HCl; clear solu- 
tions were immersed in water at 60° for 60 minutes. The final pH was 
determined and found to be 10.5 and 3.1 respectively. Solutions were 
neutralized and assayed for growth potency. As shorvn in Table IX, there 

Table IX 

Bioassay of Growth Hormone in Solutions of Different pH after Healing in Water Bath 
at Different Temperatures 

Daily dose, 0.10 mg. . 


pH 

Temperature 

Appearance after healing 

No. of rats 

AveraEC*tti''t> 
in 10 nay. 

1 

7.5 ' 

”C. 

100 

Flocculent ppt. 

10 

-2 

4 

4.0 

100 

4( (( 

12 

8.9 

100 ' 

H (( 

5 

17 

7.0 

37 

Clear 

8 

7.0 

60 

<( 

15 

1 

7.0 

70 

Cloudy 

9 

0 

7.0 

80 

Flocculent ppt. 


4 

3.1 

60 

Clear 

I 8 

17 

10.5 

60 

(( 

14 


appeared to be no loss of activity at pH 10.5 but a great reduction of acti 
at pH 3.1. 

Effect of Urea ^ 

Urea has long been considered a good denaturmg agent, 
stroying the biological activity (23) and decreasing the , jpjpgieal 
molecules (16, 24). On the other hand, urea has no effec on 
activity of lactogenic hormone (25) or upon pepsin (26)- pa-nhosphat® 
Growth hormone (5 mg.) was dissolved in 0.5 cc. of 6. 24 hours- 

buffer (pH 7.0) and the solution was allowed to stand a of urea- 

The solution was then diluted and assayed without the 
The results with 0.05 mg. daily indicate that the gf jg gm. w»s 

its growth potency after urea treatment (an average gt®* 
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obtained on five rats for the untreated preparation and of 17 gm. on six 
rats for the urea-treated preparation during a 10 day period). This con- 
clusion confirms the findings of Fraenkel-Conrat ei al. (9) vith a less puri- 
fied growth preparation. 


SUMMARY 

A method has been described for the isolation of a protein which caused 
the re.sumption of body growth and increase in the epiphyseal cartilage 
cells of the tibia in hypophysectomized rats. The protein is thus identified 
as the growth hormone. From osmotic pressure determinations the molec- 
ular weight is found to be 44,250. Electrophoresis experiments show an 
isoelectric point at pH 6.85. Elementary analysis and the content of 
tyrosine, tiyptophane, and glutamic acid have been determined. The 
hormonal activity is destroyed by pepsin and trypsin. It is unstable at 
the temperature of boiling water. In buffer of pH 7, the protein hormone 
is coagulated at 70-80° and the growth potency thus destroyed. It is 
further found that the hormone is more stable in alkali than in acid medium. 
Like pepsin and lactogenic hormone, growth hormone retains its biological 
activity in urea solutions. 
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THE EFFECT OF PYRIDOXINE DEFICIENCY ON 
TRANSAMINATION IN STREPTOCOCCUS LACTIS 

By PHILIP P. COHEN and HEILMAN C. LICHSTEIN 

(From Ihc Laboratories of Physiological Chemistry and Bacteriology, Medical School, 
University of Wisconsin, Madison) 

(Heccived for publication, April 17, 1945) 

Sehlenk and Snell (1) have recently reported that tissues from pj'ri- 
doxine-deficient rats show a decreased transaminase activity. Wliile 
Braunstein and coworkers (2) have long maintained that a cofactor was re- 
quired for transamination, Cohen (3) and more recently D. E. Green 
(personal communication) have been unable to demonstrate the presence 
of such a factor in purified preparations. 

In view of the recent finding by Lichstein and Cohen (4) that bacteria 
are active in transamination, it seemed desirable to put to test the sug- 
gestion of Sehlenk and Snell by determining the transaminase activity of 
pyridoxine-deficient bacteria. It was felt that this approach would not be 
complicated by the well known effects of vitamin deficiencies in anim.als, 
such as inanition and changes in fat, carbohydrate, protein, and water 
ratios in tissues. 

Bellamy and Gunsalus (5) have shown that cell suspensions of Strep- 
tococcus faecalis R, harvested from a medium deficient in pj'ridoxine. 
decarboxylate tyrosine at a markedly reduced rate. Thus, it is possible 
to cultivate this organism in a medium of knomi pyridoxine level and to 
check the effect of this vitamin by determining the rate of tj’rosinc de- 
carboxylation by the cells. 

Because of these facts, a strain of Slreplococcus faccabs R ^yas chosen or 
study. By expressing enzyme activity in terms of bacterial nitrogen rather 
than weight, it was felt that the objections raised above to studies o 
vitamin-deficient animals would be ruled out. 

Methods 

Culture and Media — Streptococcus lactis R (American Tj-pe Cultum 
Collection, No. 8043) was used in all experiments, since it has been identified 
as a strain of Streptococcus faecalis (G). The medium employed va."! t le 
one suggested by Bellamy and Gunsalus (5), except that hydrolj ze ca. cm 
(Bacto-casamino acids) was used in place of hydrolyzed gelatin. - ' 

Snell and Guirard (7) have shoum that this organism Mil grov m t a > 
sence of pyridoxine provided sufficient alanine is present, small amount, o 
the 4dtamin were added to the deficient media in order to insure adequate 
growth. 
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The organisms were acclimated to the various media by eight serial 
transfers before the experiments were carried out. In Experiment 1 
the synthetic media employed contained respectively 4 and 40rofpyr- 
idoxine per 10 ml. In Experiment 2 three media were used, two syn- 
thetic containing 0.4 and 100 7 of pynridoxine per iQ ml. respectively, and 
a control medium composed of nutrient broth plus 0,5 per cent glucose and 
1.0 per cent yeast extract (Bacto). 

Preparation of Bacterial Suspensions — Large volumes of media (1 to 5 
liters) were inoculated with Streptococcus laciis R, incubated for 24 hours at 
37°, and the cells harvested by centrifugation in a Sharpies ultracentrifuge 
at 4°. The recovered cells were washed twice with physiological saline 
solution, suspensions of suitable strength prepared, and nitrogen deter- 
minations made on aliquots by the micro-Kjeldahl procedure. The bac- 
terial suspensions were prepared in equal volumes of physiological saline 
solution and 0.075 m phthalate buffer (pH 5.0) for the tyrosine decar- 
boxylation studies. For the transamination experiments the cell suspen- 
sions were prepared in 0.1 m phosphate buffer, pH 7.4 for Experiment 1, 
and pH 8.0 for Experiment 2. 

Tyrosine Decardoxyi'aCibn — ^■This was ibffowed manometricaffy by d?- 
termining the rate of COs evolution (5). The mam compartment of the 
Warburg cups contained 0.5 ml. of a m/ 30 suspension of tyrosine, 1 ml. of 
0.075 M phthalate buffer (pH 5.0), and water to male 2.5 ml. The cel! 
suspension (0,8 ml.) was placed in the side arm along with 0.2 ml. of buffer. 
Suitable controls without tyrosine were made in alj instances. The gas 
phase was Nj, the temperature of incubation 38°, and readings were taken 
every 5 minutes for 50 minutes. All determinations were made at least m 
duplicate. 

Transamination — The transamination reaction, 
i(-i-) -Glutamic acid -1- oxalacetic acid — ♦ J(— )-aspartic acid -f «-kctoglutaric acid 
was studied by employing the methods described by Lichstein and Cohen 

(4) for bacteria. _ , «■ 

Incubations were made in Warburg Cups at 38° for 5 minutes wi 1 
as the gas phase. Each cup contained 2 ml. of cell suspension in the 
compartment. The substrates were placed in the side arm, 0.5 • 

0.12 M glutamic acid and 0.3 ml. of 0.2 m oxalacetic acid. ° ® 

trols rvithout oxalacetic acid were made, and in most instances t ® 
imental cups were run in triplicate. Aspartic acid formation 
termined on deproteinized, boiled aliquots by using the ch 0 
method (3). 

Results 

The results of the tyrosine decarboxylation studies are 
Table I. The difference in rate of activity between cells barv 
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pyridoxine-low and pyridoxine-laigh media was not as marked in Experi- 
ment 1 as in Experiment 2. Also, the Qcot (N) values in all instances were 
higher than those reported by Gunsalus and Bellamy (6). There is no 

Table I 


Influence of Pyridoxine Level in Growth Medium on Tyrosine Decarboxylation by 
Streptococcus lactis R (American Type Culture Collection, No. 804S) 


Experiment No. 

Pyridoidne level o! 

Bacterial N 

Incubation 

Activity of cells 

medium 

per cup 

time 

COj evolved 

OcOtCN) 


y per 10 ml. 

mg. 

win. 

micTcUlers 

■M 

1 

4 

0.43 

10 

93 





15 

133 





30 

217 

1009 


40 

0.39 

10 

187 

2870 




15 

262 

2690 




30 

375 

1922 

2 

0.4 

0.40 

10 

52 

780 




15 

70 

700 


100 

0.40 

10 

256 

3840 




15 

314 

3140 


Control (glucose 

0.40 

10 

164 

2460 


1 broth -1- yeast 
extract) 


15 

231 

2310 



TIME IN MINUTES 

Pig. 1. Effect of pyridoxine level in growth medium on tyrosine decarboxylation 
by Streptococcus lactis R. (For the details refer to the text.) 

doubt, however, that the cells from the pyridoxine-low media, in both 
mstances, were actually deficient in their ability’ to decarboxylate tyrosine. 
This is perhaps more clearly seen in Fig. 1 which is a graphical presentation 
of the data obtained in Experiment 2. 
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The results of the transamination studies (Tab)e II) clearlj- indicate 
no difference in activity between cells obtained from pyridoxine-lon' and 
pyridoxine-high media despite the verj’’ marked difference in their ability to 
decarboxylate tyrosine. The difference in the Qi„ns.immnt«!n m values for 
the two e.vperiments is probably related to the pH of incubation (4). 

nrscnssroN 

The fact that pj'ridoxine-deficient Slreptococciis lactis is capable of 
transaminating at the same rate as organisms grown on adequate media 
suggests that pj’ridoxine is not directly concerned in the transamination 
reaction. The simultaneous determination of tyi-osine decarboxylation un- 
equivocally establishes the oiganisms as deficient in pyridoxine. 


Tabll II 

Influence of Pi/ridoxinc Leiel in Giowth Mednim on T runsainiualton by Sireplocoaiis 
tachs R {American Type Cultuie CoUcciion, No. 804^) 


1 




1 Acti\ ity of cells 

Otfscssmi 

FTp^nmcnl 

Pyndoxinc level of 
medium 


CO ev oK ed 



per cup 1 

Glutamic 

Aspartic 

nilKinfM 

Ko j 




acid blank 

acid formed , 


I 

7 per /O ml 

Vff 1 

1 

tn/rralt/ert 

tntcroltlers 

CO* 

mtcrcUlers 

CO* 


I 

4 

a 04 

1507 

13SS 

119 

231 


40 

7 5 

1585 

13SS 1 

197 

313 

2 

0 4 1 

.1 41 

1530 

1330 

200 

I r(H 


100 

3 3 

1517 

1 1330 

187 

bSu 


Control (glut use 

3 2 

1510 

1330 

ISO 

675 


1)1 olh -1- ypast 
oxti.icf) 








Incubation lime 5 minute-. 


While it is not our puipose to enter into a discussion of the vali 
lestilts obtained with tissues from vitamin-deficient 
bactetia giomt on vitamin-deficient media, it should be emphasize 
tissues fiom vitamin-deficient animals often cannot be directly 
with those of eontiol animals because of variation in water, fat, car 
drate, and protein content of the deficient tissues. Since one is 
enzyme activity of tissues, it would seem essential that 
pressed in teims of nitrogen content rather than fresh ve'^ t. 
than this, howevei, one is still faced with the possibility t a sec 
effects only aie being obser\'ed. Obviously, the surest ° 

limbing the natuie oi a coenzyme is to purify the system an c 
it chemically. Thus, while Guttsalus et al. (8) j phos- 

data in support of the idea that pyridoxine (specificaly 
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phate) is the coenz 3 rme for tyrosine decarboxylase, recent work of Gale 
and Epps (9), who purified the system and split off the cofactor, have 
shown it to be free of phosphorus and to have properties which indicate 
that it is not pyridoxine. 

It would thus appear from the present study that if pyridoxine plays 
any direct role in the transamination reaction this remains to be estab- 
lished. The unequivocal demonstration of such a role will have to await 
high purification of the transamination enzyme system. 

SUMMARY 

Data are presented which show that Slreplococcus laclis E. harvested 
from pyridoxine-low and that from pyridoxine-high media, while differing 
markedly in their ability to decarboxylate tyrosine, catalyzed the tran- 
samination reaction 

l(-f-)-Ghit3mio acid -h o.valacetic acid — » /(— )-asparlic acid -f- a-ketoglutaric acid 

at the same rate. 
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The determination of the nitrogen content of proteins and amino acids 
is of fundamental importance for many investigations, inasmuch as the 
validity of other phases of the study often rests upon the accuracy of this 
determination. The Kjeldahl method for nitrogen has undergone many 
modifications since its inception, usually ivith the object of decreasing the 
period required for digestion. In the last 15 years, the wide-spread use of 
micro modifications of this method has introduced further variations in 
the procedure. The Kjeldahl method has had such universal acceptance 
that, in many publications, no details as to the accuracy of the particular 
procedure, the oxidizing and catalytic agents employed, or the time of 
heating are given. 

Late in 1942, in connection wnth a problem in protein analysis, failure 
to obtain quantitative values for the nitrogen content of lysine dihydro- 
chloride was encountered. In view of this and of the low results obtained 
for t 3 Tosine also, especially in the presence of selenium as a catalyst (un- 
published data), a careful study of the procedure as applied to these two 
amino acids was undertaken, a study which was e.xtended subsequent!} to 
include other amino acids. 

While this work was in progress, Van Slyke and coworkers' stated t a 
neither lysine nor tryptophane gave quantitative values by the Kjeld 
analysis (1), the usual values being about 90 per cent of the theoretical, and 
that trial of practically all oxidizing and catalytic agents recommended m 
the literature for the Kjeldahl digestion did not, in their hands, impro\ e 
the results. Chibnall el al. (2) in the foUowng year discussed the con- 
ditions required for obtaining maximal, reproducible values of the nitrogen 
content of carefully purified proteins. The conditions reported icre, 
which we have found satisfactor}' for a number of different amino aci 
are not identical vith those of Chibnall. 

* This work was supported by a grant from the research funds of the Horace I 
Rackham School of Graduate Studies, University of Michigan, ^ 

* The statement referred to is included in a foot-note on p. 14- (!)• 
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EXPERIMENTAL 

Reagents — 

Sodium hydroxide. Solution A, 50 per cent sodium hydroxide (by 
weight). Solution B, 40 gm. of sodium hydroxide, 5 gra. of crystalline 
sodium thiosulfate (NasSjOa-SHiO), and 60 gm. of water. 

Boric acid, 2 per cent solution. To each liter of solution, 11 ml. of the 
methyl red-bromocresol green mixture of Ma and Zuazaga (3) are added.’ 

Hydrochloric acid, 0.01 N. 

Distillation — The first phase of this study was the determination of the 
limits of accuracy of the distillation procedure. The test material was 
pure ammonium sulfate dried at 105-110°. An all-glass apparatus was 
used.’ 

In preliminary’^ studies a period of 4 minutes and 30 seconds for distillation 
was satisfactoiy. Later it was observed that, because of the fluctuations 
in the gas pressure, the heat from a single miero burner was so variable 
that in some cases the distillations were incomplete. To increase the 
conduction of heat to the water in the steam generator a coil of fine plat- 
inum wire 2J inches in length was sealed into the bottom of the steam 
generator. This ivire was coiled inside of the flask and extended through 
to the outside about 1 /16 of an inch. With more rapid generation of steam, 
special care had to be exercised in mixing thoroughly the mercurj' 
containing digests and the alkali (sodium hydroxide. Solution B) in order to 
be assured of complete neutralization of the acid before the temperature 
was greatly elevated. With attention to this point, the liberation o 
hydrogen sulfide from the acid digest was avoided. 

For the apparatus equipped ivith the platinum coil, the following pro- 
cedure was established. After the introduction of the solutions, t ^ 
generator was first heated with one micro burner at full flame until t ® 
first trap was warm; then heat from a second micro burner was supp i® 
This second burner was adjusted to the point of just giving a two cone flame. 
The stop-watch was started when the first visible drop of condensa c 
passed the center point of the bridge between the traps and the con ®°^^ 
The distillation was allowed to proceed for 2 minutes, when the 
flask ivas lowered so that the tip of the condenser was about 3 cm. a 
the acid. At the end of 2 minutes and 15 seconds the water was remo\ 
from the condenser, and, at the end of a period of 3 minutes, the recen 
flask was lowered again so as to bring the tip of the delivery tu e m 

’ This indicator consists of 10 parts of 0.1 per cent solution of beomocic 
in alcGhPl and 2 parts of a similar solution of methyl red. of ft® 

’ The all-glass apparatus used in this study is the distilling hen > ' ^ ^ j utcr 

Scientific Glass Apparatus Company (Bloomfield, New Jersey), ntte 
flask. 
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neck of the flask. This position M’as maintained for 30 seconds, giving 
a total elapsed time of 3 minutes and 30 seconds. The tip of the con- 
denser was thoroughly washed nith a fine stream of water when each of 
these changes in position was made. 

All distillates, both blanks and experimental, were made up to the same 
volume, 40 to 50 ml., and titrated with 0.01 N hydrochloric acid.^ 

Table I 

Recovery of ifitrogenfrom Standard Solutions of Ammonium Sulfate by Micro-Kfeldahl 

Method 


1 ml. aliquots containing 0.S6G2 mg. of nitrogen were used in all cases. 


Nitrogen found 

Recovery 

MS- 

f>er cent 

0.5658 

99.93 

0.5686 


0.5699 


0.5670 

100.24 

0.5689 

100.47 

0.5630 

99.61 

0.5668 

100.10 

0.5659 

99.94 

.Average 0.5671 

100.18 


, Table II 

Reagents Used for Digestion in Micro-Kjeldahl Method 


Reagent 

Potassium 

sulfate 

CrystalKnc 
cupric sulfate 

Jlercuric oxide 

Sulfuric acid 

Supcroxol 


ms- 

ms- 

ns. 

ml. 

drops 

A 

100 

100 



3 

B 

200 

200 



3 

C 

no 

110 



3 

D 

300 

100 



3 

E 

500 ^ 


50 

^■91 



Representative data obtained from one solution under these conditions 
are presented in Table I. In this typical series the limits of accuracy 
appear to be —0.0037 to -k0.0032 mg., with an average of 4-0.0009 mg., 
which is equivalent to 0.18 per cent above the theoretical. 

These tests showed that the conditions of heating must be rigidly stand- 
ardized and maintained, and that, with the established conditions for this 

* The calibrated burette used is of 5 ml. capacity, graduated in hundredths. 
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particular piece of apparatus and source of heat, theoretical values for 
nitrogen of ammonium sulfate could be obtained. 

Digestion — study of the conditions for the digestion of samples was 
made nith the quantities of salts, sulfuric acid, and supero.\'ol given in 
Table II. The results with these combinations of reagents are shown in 
Table III. The inadequacies of cupric sulfate as the sole catalyst were 
evident in the analysis of lysine dihydrochloride and /3-lactogIobuiin, but 
not of alanine. It was not possible to obtain satisfactorj' anaij'sis of lysine 

Table III 

Ef^ecl of Variation tn Digestion Procedure on Nitrogen Values Obtained by Micro- 

Kjeldahl Method 


The solutions analj'zed contained 0.5 to 1.5 mg. of nitrogen per ni!. For the 
reagents referred to by the letters A, B, C, D, and E, see Table II. 


Substance 

Re- 

agents 

No. of 
determi- 
nations 

Total 
period of 
digestion 

Nitrogen content 

1 R(«r- 
eiy 


IS3 

m 




Ar*. 

fer ctnl 

Per cenl 

per cent 

firtnl 

df-Alanino 

A 

6 

3. 5-4.5 

15.53 

15.75 

15.63 

99.42 


B 

12 

2-8 

15.55 

15.83 

15.70 

99.37 


« 

7 

4-7 

15.60 

15.77 

15.70 

99.37 

df-Lysine dihydrochloride 







80.92 

Solution I 

B 

2 

4.6 

10. 34 

10.36 

10.^ 


« 

2 

4.5 

10.80 

10.86 

10.83 

84.6S 


E 

2 

4.5 

12.51 

12.53 

12.52 

97.39 

“ 11 

C 

2 

5 

10.51 

10.53 

10.52 

82.25 


A 

2 

7 

9.9? 

11.09 

10.50 

S2.10 


E 

2 

3.3 

12.8? 

12.90 

12.90 

100.36 

“ III 

D 

2 

5.8 

lo.ys 

10.13 

10.11 

79.05 


E 

2 

2.0 

12..57 

12.68 

12.6S 

99. H 


ft 

2 

5.8 

12.67 

12.71 

12.69 

99.22 

<S-LactogIobuIin 






15.32 


Solution I 

B 

8 

4-6 

15.19 

15.53 



D 

2 

4 

15.12 

15.16 

15. H 



E 

4 

5.5 

15.56 

15.69 

15.63 


“ II 

(( 

3 

5.8-6. 0 

15.56 

15.65 

15.62 



dihydrochloride with cupric sulfate as catalyst. Similarly, t e ,j 
values obtained for /3-lactoglobulin with this catalyst were signi 
lower than those obtained by the Dumas method (4). 

In 1941, Clark (5) reported that, over a long period of time, 
successfully applied the Gunning-Ainold-Dyer modific^ion o 
Kjeldahl method to the micro form of this method. On e mercuric 
report, digestion with 500 mg. of potassium sulfate, 50 mg. 
oxide, and 1.5 ml. of sulfuric acid was tried. This combma ion 
is designated Reagent E in Tables II and III. The ad i ma 
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alcohol recommended by Clark (5) was made at the end of the 5th hour of 
digestion. In the presence of mercury, sodium hydroxide containing 
sodium thiosulfate (sodium hydroxide, Solution B) was necessary and, as al- 
ready mentioned, the liberation of hydrogen sulfide must be avoided. 

With alanine, the nitrogen values obtained ivith mercuric oxide as 
catalyst were but slightly higher than those obtained with cupric sulfate, 
whereas ivith mercuric oxide (Reagent E) the recovery of nitrogen of lysine 
dihydrochloride was quantitative. Likewise. Mith /S-lactoglobulin, di- 
gestion with mercuric oxide gave higher nitrogen values. 

To study the effect of the catalyst, two experiments were done in which 
the total periods of heating were the same and the catalyst was the only 
variable. From the results obtained for Solutions I and III of lysine di- 
hydrochloride in Table III, the differences in the recoveries of nitrogen 
must be attributed to differences in catalysts and not to the different periods 
of heating. With /3-lactoglobulin the large amount of charred material 
automatically necessitated a long period of digestion. The values for the 
|3-lactoglobulin digested in the presence of mercury are in good agreement 
ivith the value of 15.63 per cent obtained by the Dumas method (4) and 
the recent value of 15.58 obtained by the Kjeldahl method (2) (Table V). 

. The period of digestion, a probable source of error, was studied irith 
alanine, tryptophane, and tyrosine. With digestion periods of 2, 4, 5.5, 
and 8 hours, and Reagent E, the average recoveries of the nitrogen of 
alanine ranged between 99.53 and 100.57 per cent, with no correlation 
between length of digestion and recovery. On the other hand, with f-trjqi- 
tophane and Z-tyrosine, a correlation did exist. Total periods of heating 
of 2, 5, and 7 hours gave recoveries of 92.80, 97.96, and 97.67 per cent, 
respectively, for tryptophane, and 2.6, 4, 4.5, and 6.75 hours gave re- 
coveries of 97.67, 98.06, 98.84, and 99.10 per cent, for tyrosine. On the 
basis of these results, a standard 6 hour period of digestion was chosen for 
subsequent work, counted from the time the charred material had cleared, 
or, if no charring occurred, 6 hours after the fumes of sulfur trioxide ap- 
peared. The total time in all cases would thus be more than 6 hours, with 
one exception longer than any of the digestions reported in Table III. 

The procedure thus established was as follows. Solutions containing 
0.4 to 1.4 mg. of nitrogen in aliquots of 1 or 2 ml. were digested with 500 mg. 
of potassium sulfate and 50 mg. of mercuric oxide and with 1.5 ml. of 
concentrated sulfuric acid (low nitrogen) with gentle heating until the 
water had evaporated and then with the full flame of the micro burners.* 

‘ Digestion rack No. 749S, A. H. Thomas Company, has been found convenient as 
the heat from the micro burners is concentrated and not diffuse as in some types of 
racks tried. This particular rack has been used for all the G\pcrimcnt.s pivrn in 
Tables IV and V. 
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At the end of 5 hours the flasks were cooled, 1 drop of ethyl alcokol was 
added, and heating continued 1 hour longer. At the end of digestion, tlie 
flasks were cooled, 5 ml. of distilled water added, and the flasks stoppered 
until distillation could be carried out. Usually the distillations were done 
on the following day. However, 3 days standing caused no detectable 
deviation in results. 

Before the distillations were begun, the apparatus was steamed for 
at least 10 minutes and washed. With the tip of the dehvery tube dippmg 
into the boric acid solution (10 ml.), the digests were transferred to the 
apparatus ivith about 8 ml. of w'ater divided into three portions. The 
funnel was then rinsed, and the solution of sodium hydroxide added. In 
the case of sodium hydroxide Solution A, 4 ml. were used, and of Solution 
B, 5 ml. The last traces of the alkali were washed into the reaction cham- 
ber and the total volume brought up to 32 ml., which, in this apparatus, 
prevented splashing into the trap and yet was adequate for washing all 
materials into the chamber. 

The stop-cocks were closed, the heat applied, and the distillation was 
carried out as described above, followed by titration with 0.01 n hydro- 
chloric acid. 

Blanks identical with the experimental solutions with respect to solvent 
were carried through the whole procedure. 

Application of Standardized Method 

Amino Acids — ^This standardized procedure was applied to the analysis 
of representative amino acids and glutathione. Each compound was 
dried to constant weight either at 103-105° or in a vacuum desiccator over 
phosphorus pentoxide, as required by the nature of the particular com 
pound. In each case, at least two different solmions of the compoun^ 
were used to check sources of error from weighing. The data are pm 
sented in Table IV, in which each group of determinations represen 
results with a single solution. _ . ^ 

The alanine, isoleucine, leucine, lysine dibydrochloride, pheny a a i 
and valine were synthetic preparations. The Z-tyrosine, Z-histi c ^ 
drochloride monohydrate, cystine, and glutathione were . 
in this laboratory. In addition to the nitrogen values, tte ? 

criteria of purity were used for these respective coinpounds. 

was free from cystine; the sulfur content of cystine and ° S'? 
was 26.58 and 10.48 per cent, respectively; gluta^c acid 
chlorides. The Z-tryptophane and Z-glutaimc acid ° , .jde was 

commercial sources. A preparation of l-ar^ine monohyw ^gj,ded 
treated with norit, recrystallized in a manner similar to tba 
by Vickery (6) for the crystallization of free arginme, an 
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Tabie IV 

Nitrogen Content of Amino Acids and Glutathione Determined hy Standardized 

Micro-Kjeldahl Method 


The solutions analyzed contained 0 4 to 1 0 mg of nitrogen per ml Unless otlier- 
\slse indicated alcohol as added during the digestion as recommended by Clark (5) 


Substance 

No 

of determi 
nations 

Nitrogen content 

Reco\co 

Minimal 

Maximal 

A\ crJge 



per cent 

per cent 

per cent 

per cent 

df-Alanine 

2 

15 73 

15 77 

15 75 

100 13 


2 

15 6S 

15 70 

15 69 

99 75 

^-Arginine monohj drochlonde 

2 

26 30 

26 69 




2 

26 27* 

26 35* 

26 31* 

98 92* 


2 

26 51 

26 59 

26 55 

99 81 


2 

26 52* 

26 65* 

26 59* 

99 94* 


3 

26 42 

26 59 

26 46 

99 37 


3 

26 33* 

26 46* 

26 36* 

99 16* 

Cystine 

2 

11 62 

11 69 

11 66 

100 00 


2 

11 56 

11 63 

11 60 

99 49 

f-Glutamic acid 

2 

0 56 

9 57 

9 57 

100 49 


2 

9 47 

9 48 

9 48 

99 59 

Glutathione 

2 

13 55 

13 57 

13 56 

99 20 

f-Histidine monohjdrochlorido 

2 

20 05 

20 11 


100 15 

monohydrate 

2 

19 84 

19 88 

19 86 

99 05 


2 

20 03 

20 13 


100 IS 

d/-Isoleuoine 

4 

10 72 

10 77 


100 47 


4 

10 66 

10 73 

10 70 

100 19 

dl Leucine 

4 

10 60 

10 73 

10 68 

100 00 


1 

10 71 



100 27 

di-Lysine dihydrochloride 

1 

12 88 



100 70 


2 

12 82 

12 82 

12 82 

100 23 

dl Phenjlalanine 

6 

8 35 

8 46 

8 39 

98 94 


2 

8 39 

8 45 

8 42 

99 29 

Z-Trj'ptophane 

2 

13 69 

13 81 

13 75 

100 29 


2 

13 77 

13 83 

13 SO 

100 58 


2 

13 SO 

13 84 

13 82 

100 73 

Z-Tj rosine 

6 

7 64 

mum 


99 61 



7 CS 



99 35 

df-Valine 


11 88 





• Same solution as that used for the determination in the line immcdiatcli prC' 
ceding; no alcohol nas used in digestion 


analysis. All of the compounds except valine and leucine gave negative 
tests for ammonia with Nessler’s reagent. These tt\o shotted vert' slight 
traces of ammonia in the concentrations used for analysis. 

The nitrogen values obtained for all of these compounds as sliotfn in 
Table rV^ are considered quantitative. Three series of analyses of arginine 
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without the addition of alcohol recommended by Clark (5) are given in 
Table IV. The alcohol, when added at the end of the 5th hour of di- 
gestion, had no significant effect upon the results. 

Proteins — ^Prior to the determination of nitrogen, the preparation of 
protein was spread in a thin layer and covered with a filter paper and 
allowed to equilibrate with the air for 48 to 72 hours. It was then stored 
in a closed bottle. For the moisture determination, these equilibrated 
samples were dried to constant weight at 103-105° in weighing bottles. For 
the determination of the ash content, the dried samples were transferred to 
crucibles (weighing by difference) and heated in a muffie oven at 550-600°. 


K Table V 

f'Nitrogen Content of Proteins As Determined by Standardized Micro-Kjcldahl Method 


All values are calculated on an ash- and moisture-free basis. 


Protein 

No. of 

Nitrogen content 

Values reported in literature 

nations 

Mini- 

mal 

Maxi- 

mal 

Aver- 

age 



per uni 

per uni 

percent 

per cent 

j3-Laotoglobulin 

4 

15.56 

15.69 

15.63 

15.14-15.26 (8), 15.3 (9), 1S.5S (2), 


3 

15.56 

15.65 

15.61 

15.60 (4) 

Crystalline egg al- 

3 

15 62 

15 74 

15.67 

15.16 (10), 15.27 (11), 15.36-15.44 

bumiu 

4 

15.63 

15.67 

15.65 

(12), 15,4 (7), 15.60 (13), 15.51 






(14), 15.64 (15), 15.71 (16), 15.76 






(2) 

Gliadin 

4 

17.66 

17.86 

17.79 

17.58 (*), 17.66 '17). 17.87 (10) 


4 

17.83 

17.96 

17.88 


Soy bean globulins 

6 

16.85 

17.00 

16.96 

16.93(t) 

(mini) 

5 

16.89 

17.14 

17.00 

17.04 (10), 17.45 (17), 17.53 (18), 

Glycinin 

4 

16.91 

17.07 

17.02 


4 

16.97 

17.22 

17.08 

16.60-17.74 (19) 

Zein 

4 

15.93 

15.99 

15.97 

16.13 (17) 


3 

16.04 

16.15 

16.11 




* Osborne, T. B., private communication to H. B. Lewis, 
t Vickery, H. B., and Pucher, G. W., private communication. 


The samples for nitrogen analysis were taken at approximately the same 
time as those for the moisture and ash determinations to insure t e 
lidity of the corrections. Samples of 0.1 to 0.14 gm. of the protein 
weighed into stoppered test-tubes, moistened with 1 ml. of water, 
with 2 ml. of concentrated sulfuric acid, and hydrolyzed in a boi 
bath from 2.5 to 4 hours. The hydrolysates were transferred to 25 or 
volumetric flasks, diluted to volume, and 1 or 2 ml. aliquots use . 

The results obtained by this procedure for ^-lactoglobulin 
this laboratory by one of the authors (M.)) are similar to those 
Chibnall and others, 15.58 and 15.63 (2, 4) (Table V). The value ter 
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preparation of egg albumin is of special interest, as it is the same for which 
Calvery (7) previously reported 15.4 per cent nitrogen. As shown in Table 
V, our results for this protein are of the same order as those reported in 
some of the earlier papers as well as in certain recent ones, and are higher 
than a number of the other reported values. 

Our value for the nitrogen of gliadin® is in good agreement vdth those of 
Jones and Moeller (10), but is higher than others reported in the literature. 
These differences may be due to the method of digestion or determination 
of moisture and ash, presumably the former. In the case of the soy bean 
globulins,’' the slightly higher values we obtained in comparison with those 
of Vickery and Pucher do not, in our opinion, represent a significant differ- 
ence. The agreement vith the nitrogen for glycinin reported by Jones and 
Moeller is good (10). It is possible that the differences between our data 
for glycinin and others in the literature may be due to the procedure used 
or to differences in variety. Csonka and Jones (19) have claimed a differ- 
ence in the nitrogen content of soy-bean proteins, according to the varietj' 
of soy bean used as the source. The particular type of soy bean from 
which this preparation of glycinin’ ivas obtained is not known. The 
nitrogen value for zein’ is practicall}’’ the same as that in the literature (17). 

DISCUSSION 

In micro-Kjeldahl analyses the conditions for distillation of the ammonia 
must be carefully checked with standard solutions of pure ammonium 
salts such as ammonium sulfate, and the established conditions must be 
rigidly maintained. The procedure for distillation recommended by this 
paper applies only to the particular piece of apparatus used here with our 
particular source of heat. Change to another piece of apparatus or to 
other conditions requires a revaluation of the entire procedure. 

This study does not support the a.^sumption that the catalyst and the 
period of digestion are necessarily identical for all compounds of the same 
general class. As reported here, the results for alanine are the same whether 
the catalj'st is mercuric oxide or cupric sulfate, whereas a marked differ- 
ence in nitrogen values occurs under the same conditions with lysine 
dihydrochloride and /3-lactoglobulin. Tliis obseiwation is not new, but it 
has not been generallj' stressed. The necessity of the presence of mercurj’ 

® We are indebted through Professor H. B Lewis to tlic late Dr T B Osborne for 
the gliadin. The nitrogen value according to the analysis of O-^borne wa« L 5^ on 
the moisture- and ash-free basis 

* We are indebted through Professor H B Lewis to Dr. H. B \ ickery for the so} 
bean globulins, which had been prepared in research carried out for the I ood and 
Nutrition Board of the National Research Council, as well as for the glycinin and tli-* 
zein. 
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in the analysis of certain proteins Avas pointed out by Pregl (20), who 
stated that cupric sulfate was entirely satisfactory in the cases of most of 
the other compounds studied. Weissman and Schoenheimer (21) have 
observed that ivith cupric sulfate and selenium long periods of digestion are 
required for lysine, but 2 hours are sufficient with mercuric sulfate. 

The recommended period of heating is shorter than that used by Chibnall 
et al. (2). With their combination of potassium sulfate, sodium selenate, 
and sulfuric acid, 8 hours or longer were required for digestion. Although 
quantitative results for the nitrogen content of lysine dihydrochloride 
were obtained with a total period of heating of 2 hours, it cannot be assumed 
that this is sufficient to insure complete conversion of the nitrogen of all 
of the amino acids to ammonium sulfate, as one might be led to infer from 
Pregl 's text (20). Tyrosine and tryptophane, for example, do yield 
quantitative nitrogen values with 6 hours digestion but not with shorter 
periods. It is also of interest that the time required for digestion of these 
amino acids is much longer than Clark i(5) found necessary for the oximes, 
purines, pyrimidines, and other compounds he studied. It should be 
noted that he recommended 1 hour of heating, stating that 2 hours had no 
detrimental effect, and that he analyzed neither amino acids nor proteins. 


StlMMAEr 

1. Conditions for the digestion and distillation in the micro-KjeWahl 
method as applied to amino acids and proteins have been studied. 

2. With mercuric oxide as the catalyst, quantitative values for fl’r 
nitrogen of lysine dihydrochloride were obtained, but not with cupne 
sulfate. Likewise, higher values were obtained for the nitrogen content 
of ^-lactoglobulin with the use of mercury as the catalyst. 

3. With the standardized conditions employed here, quantitative 
values for the nitrogen content were obtained for Dlanine, arginme y 
drochloride, cystine, glutamic acid, histidine hydrochloride monohydra , 
isoleucine, leucine, lysine dihydrochloride, phenylalanine, tryptop ane, 
tyrosine, valine, and glutathione. 

4. The nitrogen values obtained by this procedure for the pro em 
|3-lactoglobulin, egg albumin, gliadin, the soy bean globulins, and zem a 
compared with those reported in the literature. 
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THE INHIBITION OF THE GROWTH OF YEAST BY 
THIENYLALANINE 


By VINCENT du VIGNEAUD, HERBERT McKENNIS, Jr.. SOFIA SIMMONDS, 

KARL DITTMER, and GEORGE BOSWORTH BROWN 

{From the Department of Biochemistry, Cornell University Medical College, 

New York City) 

(Received for publication, April 16, 1945) 

Within recent years it has been recognized that certain compounds re- 
lated structurally to the vitamins or to other bacterial growth factors can 
inhibit the biological action of those essential substances.* One of the 
early experiments indicative of a metabolic antagonism between an essential 
amino acid and a related compound was reported by Dyer (4), who initiated 
biochemical studies on the relationship between methionine (S-methylho- 
mocysteine) and ethionine (S-ethylhomocysteine). She observed that 
ethionine was toxic to young rats maintained on a methionine-deficient 
diet. This toxicity was offset by the addition of methionine to the e.vperi- 
mental diet. Later, the “antimethionine” effect of ethionine was shown 
also for Escherichia coli by Harris and Kohn (5), who reported that the 
inhibition of bacterial groivth by ethionine was completely overcome by 
methionine. More recently, it has been reported by Roblin el al. (6) that 
the oxygen analogue of methionine (a-amino-y-methoxj'butyric acid) 
also e.xerts an inhibitory effect on the growth of certain microorganisms 
which is reversed by methionine. 

We wish to report here the results of similar studies concerned with 
another essential amino acid, phenylalanine, and its isostere, /S-2-thien3'l- 

HC— CH HC— CH 

II II II II 

HC C— CH,CHNH,COiH HC C— CHjCHNHjCOjH 

I I V 

HC=CH ® 

Phenylalanine /3-2-ThienyIaIanine 

alanine.- At the time this work was begun, Barger and Easson (7) al- 
ready had carried out preliminary'’ investigations on the metabolism of 
tliienylalanine in the rabbit. They obtained a persistent ninhydrin 
reaction in the urine following intravenous administration of the compound, 

* This subject has been revie^'cd recently by Wagner-Jaurepp (1), Mcllwain (2i, 
and Woolley (3). 

* This compound hereafter is designated as thienylalaninc for brevity. The 
metabolism of the ^f-S-thicnylalanine has not yet been investigated. 
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but were unable to isolate any thiophene derivative from it. 2-Thiophemc 
acid, on the other hand, was metabolized similarly to benzoic acid in that 
it gave rise to the thiophene analogue of hippuric acid. 

Our first experiments were designed to test the ability of thienylalanine 
to replace phenylalanine in the diet of the growing rat. It was found 
that the thienyl compound could not be used in lieu of the phenyl com- 
pound, since young rats lost weight rapidly when placed on an otherwise 
complete diet in which thienylalanine had been substituted for phenyl- 
alanine. 

An attempt then was made to determine whether thienylalanine exerts 
an “antiphenylalanine” effect. Preliminary experiments ivith rats gave 
inconclusive results, although some indications of an antagonism were 
observed. A more extensive investigation of this point is necessary. 

owever, a definite antagonistic effect on the part of thienylalanine was 
^ itained with Saccharomyces ccrevisiae. We noted inhibition of growth 
when thienylalanine was added to a medium ivliich ordinarily permits 
good growth of yeast. The inhibitory action of thienylalanine was re- 
versed by phenylalanine. Tyrosine had no effect on the toxicity of the 
thienyl compound. The effect of thienylalanine on the growth of other 
microorganisms is now being studied. 

Yuan and Li (8), in 1937, pointed out that examination of the formula of 
thienylalanine reveals a structural similarity to the sulfur-amino acid, 
methionine. 


CH, CHjCHjCHNHiCOiH 

\/ 

S 


HC— CH 

h'c C— CH.CHNHsCOsH 
\ / 
s 


Methionine j3-2-Thienylalanine 

C 

They suggested that thienylalanine might serve as a dietary source o 
methionine. The results of further biochemical studies by these wor 'crs 
apparently have not appeared in the literature, and w'e have, t ere ore, 
taken occasion to test such a possibility during the course of our imes 
gations. Negative results were obtained. Young rats did not grow w e 
placed on an otherwise complete diet in which thienylalanine was t e on 
sulfur-containing amino acid. . . -yfor 

In view of the numerous potentialities of thienylalanine as an in 
of pathogens and as a possible tool for the study of 
tabolism, both normal and abnormal, it seemed advisable to try ° ® 
the existing methods for its preparation. Syntheses have been e 
by Yuan and Li (8) and by Barger and Easson (7) . Both p'oups 
of the Erlenmeyer azlactone method (9), and, in addition, a 
Easson adapted the hydantoin method of Wheeler and Ho 
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Methods for the synthesis of 2-thiophenealdehyde were explored first, 
since this intermediate can be employed in either the azlactone or the 
hydantoin synthesis. In studying Barger’s procedure (7) for the prep- 
aration of 2-thiophenealdehyde from 2-thienylglyoxylic acid, we found 
that increased yields could be obtained by decarboxylating the glyoxylic 
acid in aniline as described by Bouveault (11) for the preparation of aro- 
matic aldehydes. It was found expedient, also, to prepare 2-thiopheneal- 
'dehyde by means of the Grignard reagent from 2-iodothiophene as rec- 
ommended by Yuan and Li (8). The 3 ’ields from thiophene to aldehyde 
are somewhat lower by the latter procedure, but greater convenience is 
achieved. 

Early in our attempts to carry out the condensation of 2-thiophenalde- 
hyde with hydantoin in the presence of acetic anhydride and sodium ace- 
tate, as described by Barger and Easson (7), it became apparent that, in 
our hands, the procedure was unsatisfactory. Great variations in.jdelds 
were encountered. Such difficulties in amino acid synthesis by the hj'- 
dantoin method have been encountered previously (12), and it appeared 
probable that conditions for the preparation of 5-(2-thienj’hnethylene)hy- 
dantoin could be improved considerably. 

Since 2-furfuraldehyde is the readily obtainable heterocjxlic aldehyde 
most similar to 2-thiophenealdehyde, model experiments were carried out 
with the oxygen heterocjxle. Deulofeu (13) reported the condensation of 
furfuraldehyde and hydantoin at 110° in the presence of sodium acetate 
alone. We were able to improve the yield of 5-(2-furfur}didene)hydantoin 
by carrying out the condensation at 140°. Under the same conditions we 
were able to effect the condensation of 2-thiophenealdehjffie to give almost 
pure 5-(2-thienjdmethylene)hydantoin in 75 per cent of the theoretical 
jield. 

Barger and Easson reduced the thienj’lmettiylenehj’dantoin with sodium 
amalgam, and obtained the desired amino acid by beating the resultant 
5-(2-thienylmethj'l)hj’'dantoin nith strong barium hj’droxide solution. 
By means of the ammonium sulfide reduction which had been applied to 
the preparation of phenylalanine by Boj'd and Robson (14), we obtained 
/3-2-thienylalanine from the unsaturated hydantoin in one step. Our 
over-all yield from aldehyde to amino acid was 54 per cent of the theoretical 
amount. The over-all jdeld obtained by Barger and Easson is calculated 
to be 17 per cent of the theoretical amount. Yuan and Li obtained 15 per 
cent of the theoretical yield by the azlactone method (calculated from the 
acetal to the amino acid). 


EXPERniENT.tn 

Growth Studios; Feeding of Thienylalaninc in Place of Phenylalanine ^Six 
3 ’oung rats were placed on a basal diet of the following percentage com- 
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position: amino acid mixture (as described by du Vigneaud, Chandler, 
Moyer, and Keppel (16) but containing no phenylalanine) 22.1, dl-methio- 
nine 0.6, i(— )-cystme 0.6, dextrin 25.7, sucrose 15.0, salt mixture (Osborne 
and Mendel (16)) 4.0, and com oil (Mazda) 30.0. The fat-soluble vi- 
tamins A, D, E, and K were included in the diet as described previously 
(17), and the water-soluble vitamins of the B complex were supplied by 
two pills (18) daily, each of which contained 25 mg. of choline chloride in 
addition to 12.5 mg. of “modified ryzamin-B.” After 4 days, during which 
time all animals but one lost weight, phenylalanine (1.5 per cent) was added 


(TT) 



NUMBEO AND SEX OF 
RAT SHOWN AT EXTREME 
LEFT. THE NUMBERS IN 
PARENTHESES DENOTE 
THE INITIAL AND FINAL 
WEIGHTS OF THE RATS 
ARROWS INDICATE POINTS 
OF CHANCE. S., BASAL 
DIET. P.,PHENTLALANINE 
DIET. T.THIENTLALANINE 
DIET. 


Fig. 1, Growth curves of rats fed thienjdalanine in place of phenylalanine! 


to the diet of two animals, thienylalanine (1.5 per cent) w'as added to ^ 
diet of two animals, and two animals were continued on the ba^ ■ 
The control rats on the basal diet and those receiving thieny a anw 
continued to lose weight. Replacement of thienylalanine by pheny a an 
resulted in gain of weight, while replacement of g jjjily 

thiophene isostere resulted in loss of weight, as shown in Fig- !• y,c 

food consumption of each animal is given in Table I. igjjjnc 

rats receiving thienylalanine was collected, but no N-acetylt leny 
could be isolated from it. 
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Feeding of Thienylalanine in Place of Methionine — ^Four young rats were 
given a diet similar to the basal diet described above, but •nith the following 
modifications: phenylalanine (1.5 per cent) was included in the diet of all 
four rats; methionine and cystine were replaced by thienylalanine (1.4 per 
cent) in the diet of two animals, while cystine was removed from the diet of 
the other two animals and the methionine content was raised to 1.4 per cent. 
The vitamin supplement was exactly the same as that used in the preceding 
experiment. The daily food consumption of these animals is given in 


Table I 

Food Consumption; Feeding of Thienylalanine in Place of Phenylalanine 


Rat No. and sex 

Days* 

Supplement to basal diet 

Average dally food 
consumption 

361 9 

4-16 

Phenylalanine 

gm. 

5.7 

362 & 

4-11 

“ i 

4.7 


11-16 

Thienylalanine 

3 4 

363 cf 

4-11 

it 

3.1 


11-16 

Phenylalanine 

4.4 

364 cf 

4-16 

Thienylalanine 

3.1 

345 9 

4-10 


3.2 

338 cf 

4-11 


4.2 


* The data for the first 4 days have been omitted, inasmuch as all animals were 
receiving the basal diet during this period. 


Table II 

Food Consumption; Feeding of Thienylalanine in Place of Methionine 


Rat No. and sex 

Supplement to basal diet 

A\ crage daily food consumption 



gn. 

440 9 

Methionine 

4 2 

441 9 


4.3 

442 c? 

Thienj-lalanine 

2 7 

443 o’ 


2 1 


Table II. The growth curves for this experiment, shovn in Fig. 2, in- 
dicate that thienylalanine does not sert'e as a source of sulfur in place of 
methionine or of homocystine. 

Experiment with Yeast— A 24 hour culture of Saccharonujccs cerniriar 
strain 139 was used for all tests. The yeast was grovu in the media de- 
scribed by Snell, Eakin, and Williams (19), with one modification; namely, 
the aspartic acid content of the medium was doubled. After IG hour-- 
incubation at 30°, yeast growth was measured turbidimetncally with a 
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lOett-Suminerson photoelectric colorimeter. In Figs. 3 and 4 yeast 
growth is expressed in colorimeter units. 



NUMBER AND SEX OF 
RAT SHOWN AT EXTREME 
LEFT. THE NUMBERS IN 
PAR£N7»£SES 0ENO7E 
THE INITIAL AND FINAL 
WEIGHTS OF THE RATS. 
M.,METHIONiNE DIET. 

T, THlENyLALANlNE DIET. 


‘ « 1 I I ! J I 

Fig. 2. Growth curves of rats fed thienyJalanine in place of methionine 



THIENn.ALANINE INHIBITION OF YEAST GROWTH 

Fig. 3 


The effect of increasing amounts of S.fJaSe pcr 

yeast is shown in Kg. 3. It will be noted that 55 y of thienyl 
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7 CO. of medium, reduced the growth to 50 per cent of normal. With 
amounts greater than 400 y per 7 cc., no further inhibition was observed. 

The addition of increasing amounts of phenylalanine to culture tubes 
which already contained 400 y of thienjdalanine per 7 cc. resulted in a 
gradual reversal of the inhibitory effect of thienylalanine (Fig. 4). The 
data represented in this figure indicate that approximately 800 y of phen- 
ylalanine are required to reverse almost completely the toxicity of 400 y of 
thienylalanine. The presence of large amounts of phenylalanine (0.8 to 
1.2 mg. per 7 cc.) in the basal medium apparently caused a slight inhibition 
of growth, which may explain why the toxic effect of thienylalanine rvas 



PHEHYLALANlNE flEVCRSAL Or YEAST GROWTH INHIBITION 
PROOOceO BY 4005 THlENYtAtAWME PER T CC. 

Fig. 4 

never reversed completely b}' phenylalanine (see Fig. 4). /-Tyrosine in 
amounts as high as 800 y per 7 cc. of medium had no effect on the toxic 
action of thienylalanine. 

50 y of thienylalanine remained inhibitorj' to yeast growth rvhen the 
organism was grown in a medium which contained, in addition to the 
basal constituents, a mLxture of amino acids haring the following com- 
position (the figures represent the amount.": in micrograms per / cc.): 
/(— )-C 3 ’^stine 225, glj'cine 225, /( — )-hj'droxj'prolinc 225, c//-isoleucine 450, 
dZ-methionine 450, /(— )-tj'rosine 225, rf/-alaninc 450, /(-b)-.irgininc mono- 
hydrochloride 225, /(-t-)-aspartic acid 900, /(-f )-glutamic acid 2250, 
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Z(— )-histidine monohydrochloride monohydrate 225, Z(— )-Ieuciiie 225, 
Z(+)-lyslne monohydrochloride 225, Z(— )-proline 225, dZ-serine 450, 
dZ-threonine 450, Z(— ) -tryptophane 225, and dZ-valine 450. In the absence 
of thienylalanine, this mixture of amino acids stimulated the groisth of 
yeast above the level obtained ivith the basal medium. The effect of the 
individual amino acids in concentrations much greater than that employed 
in the mixture is being investigated. 

Preparation of 2-Thiophenealdehyde; (a) from 2-Acetoihienone — ^2-Thien- 
ylglyoxylic acid, obtained by the oxidation of 52 gm. of 2-acetothienone 
(7), was dissolved in 500 cc. of aniline and heated at atmospheric pressure 
to distil all of the water formed. Most of the aniline then was distilled 
from the mixture under the vacuum of a good w'ater pump at as low a 
temperature as possible. The residue was taken up in 500 cc. of 25 per 
cent HsSOi and allowed to stand overnight. The acidic solution then was 
extracted repeatedly with ether, and the ether extract was evaporated to 
give 27.9 gm. of 2-thiophenealdehyde. 

(Z)) From 2-Iodothiophene — The Grignard reagent from 121.1 go- o’ 
2-iodothiophene was treated wdth ethyl orthofonnate according to the 
procedure of Yuan and Li (8). The yield of 2-thiophenealdeh5’’de diethj 
acetal, b.p. 90-92° at 9 mm., was 61.3 gm. This represents 57 per cento 
the theoretical amount. Upon acid hydrolysis in the absence of oxygcOi 
the acetal afforded 92 per cent of the theoretical amount of 2-thiopheDe- 
aldehyde, b.p. 192-193°. ^ j 

5-(2-Furfurylidenc)hydantoin — ^An intimate mixture of 10.5 gm.^ o 
2-furfuraldehyde, 10.5 gm. of hydantoin, and 10 gm. of anhydrous so mm 
acetate was heated at 140° for about 30 minutes. The mixture 
to cool and then was extracted with a total of 250 cc. of water. ® 
idue, which melted at 231-237°, weighed 15.1 gm. This 
per cent of the theoretical amount. Purification of the colored pro uc 
effected by recrystallization from alcohol. The colorless crj’sta s me 
at 239-240°. 


CgHcXsOs 

(178.2) 


Calculated. C S3.92, H 3.40, N 15.72 
Found. “54.06, “3.67, ' 15.81 


Deulofeu (13) reported that the compound melts at 230 a r 
zation from acetic acid and no analysis was given. Wheeler an 
(10) obtained yellow prisms, m.p. 232°, the nitrogen con en 
was shown to agree with the theoretical value. pnealdehyde 

5-(2-Thienylmetliylene)hydanioin—To 18.4 'gm. of of 

(freshly distilled in an inert atmosphere) were added 1 ■ ^ 

powered hydantoin and 15.1 gm. of finely powdered “ nitro'^en fo’ 

intimate mixture, heated at 140-145° in an atmosphere o 
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70 minutes, first liquified and finally resolidified. The resultant magma 
was extracted mth a total of 500 cc. of water and finalty with 200 cc. of 
benzene. The residue consisted of almost colorless crystals of 5-(2-tliien- 
ylmethylene)hydantoin, m.p. 253-255°. Admixture with a sample 
prepared according to Barger and Easson (7) caused no depression of the 
melting point. The yield was 23.7 gm., or 75 per cent of the theoretical 
amount. 

■P-S-Thienylalanine; (a) from 6-(£-Thienylmethyl)hydantoin — 5.0 gm. of 
5-(2-thienylmethyl)hydantom prepared according to Barger and Easson 
(7) were dissolved in a mixture of 220 cc. of water and 25 cc. of concentrated 
ammonia water. The solution was cooled to 0°, was saturated with H^S, 
and then was heated at 100° in a glass-lined autoclave for 5 days. The 
mixture next was filtered and concentrated in vacuo to a small volume. On 
addition of alcohol the amino acid precipitated. This material was dis- 
solved in hot water, was filtered, and was reprecipitated by addition of 
alcohol. The yield of purified compound was 4.0 gm., representing 92 per 
cent of the theoretical amount. 

C 7 H. 03 NS (171.2) Calculated, S 18.7; found, S 18.9 

(6) From S-{£-Thienylmethylene)hydanioin and Ammonium Sulfide al 
100° — 7.7 gm. of 5-(2-thienylmethylene)hydantoin were dissolved in a 
mixture of 50 cc. of concentrated ammonia water and 76 cc. of water. The 
mixture was saturated ivith HjS at 0°, and then was heated at 100° in a 
glass-lined autoclave for 64 hours. The mixture was filtered, and the 
filtrate was concentrated to dryness under diminished pressure. The hot 
aqueous extract of the residue was treated with decolorizing carbon, and 
then was concentrated to a small volume. /S-2-Thienjdalanine was pre- 
cipitated by the addition of alcohol. The yield of colorless product was 
3.4 gm., representing 50 per cent of the theoretical amount. 

Calculated, S 18.7; found, S 18.3 

(c) From B-{2-Thienylmelhylcn^hydanloin and Ammonium Sulfide at 
120 ° — In a sealed tube were placed 4.0 gm. of 5-(2-thienylmethylene)hy- 
dantoin and 80 cc. of ammonium sulfide solution (prepared bj' saturating 
16 per cent ammonia water with H-S at 0°). The mixture was heated at 
120° for 88 hours and then was evaporated on the hot-plate until no more 
hydrogen sulfide was evolved. The residue was diluted with boiling vater 
to a volume of approximately 100 cc. The hot solution was treated vith 
decolorizing charcoal, was filtered, and was concentrated. Mater vas re- 
placed by alcohol until the alcohol concentration was approximate^^ SO 
per cent. Upon cooling, the solution deposited colorless crystals, jnicro 
melting point 243-245°. The yield was 2.53 gm. This represents 72 per 
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cent of the theoretical amount. The mother liquors from several batches 
were combined and concentrated to dryness under diminished pressure. 
The gummy residue was recycled to 3deld additional quantities of the amino 
acid. 


Calculated, S 18.7; found, S 18.7 


SUMMARY 

The addition of thienylalanine to a medium adequate for good grow 
of Saccharomyces cerevisiae caused marked inhibition of growth which 'W 
prevented by phenylalanine. 

Thienylalanine, when added to the diet of the young rat, was incapat 
of supporting growth in lieu of either phenylalanine or methionine. 

The synthesis of thienylalanine was reinvestigated and improved 
regard to both yield and convenience. 

The authors 'wish to express their appreciation to Dr. Julian B. Eache 
and Mr. Roscoe C. Funk, Jr., for the microanalyses, and to acknowledj 
the valuable assistance of Mrs. Glenn Ellis and Miss Carol Tompkins in t 
microbiological phases.of the work. 
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Several investigators have assayed choline by precipitating it vdth 
Reinecke salt and determining colorimetrically the choline reineckate 
dissolved in acetone (1-6). The extinction coefficient of choline reineckate 
is not great in the visible range, however, and samples containing less 
than about 1 mg. of choline have been analyzed with difficulty. An in- 
crease in the sensitivity of the reineckate method has been achieved by 
oxidation of the precipitate ■with alkaline peroxide and determination of 
the chromate colorimetrically (7). A comparable increase in sensitivity 
can be obtained 'without this oxidation by making use of the very great 
absorption of ultraviolet light by choline reineckate. This is the basis of 
the method described in the present paper. 

Spectrophotometry of Choline Reineckate — The absorption spectium of 
choline reineckate in acetone was determined (Fig. 1) ivith a Beckman 
spectrophotometer. In addition to the familiar broad absorption band 
ivith a maximum at 525 mp, choline reineckate in acetone was found to have 
a much more intense absorption peak at 327 mp, the molecular extinction 
coefficients being 5.82 X 10’ at 327 mp, and 0.12 X 10’ at 525 mp. The 
Beer-Lambert law relating concentration and extinction is follo'\\ed at 
both wave-lengths (Fig. 2). 

Procedure 

Samples to be analyzed are extracted with methanol in BaileyA^ alker 
extractors for 24 hours. After evaporation of the methanol, 15 ml. of 
saturated barium hydroxide are added to the extracted lipids and refluxed 
for 2 hours. The hydrolysate is then brought to a pH between 4 and 5 
Mth glacial acetic acid, made to volume, and filtered. An aliquot of t ic 
filtrate containing 50 to 400 y of choline is treated with an equal volume of 
saturated recrj'stallized Reinecke salt, and the mixture is kept 
bath for at least 3 hours. Of the several methods investigated for the 
collection and washing of very small amounts of choline reineckate, t le um 
of sintered glass filters kept chilled in an ice bath ga'^'c the be^t resu <s m 
our hands. The precipitated choline reineckate is collecfe on le 
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Fig. 1. Absorption spectrum of choline reineckate in acetone. Molecula 
tion coefficient plotted against wave-length. hydrochloride 

Fig. 2. Relation between concentration and absorption. “ j„j,jined at 327 
w'as determined as indicated in the procedure and the absorption ® 
mjj and 525 mp on the Beckman spectrophotometer. The values o [jy^rochlo- 
were in 5 ml. of acetone, while those at 327 mp were in 15 ml. ® ' 

ride concentration is given in micrograms. , 


Table I 


Determinalion and Recovery of Choline in 10 Ml. Alijn f 
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chilled sintered glass by applying suction to the filter submerged in an 
ice bath. The precipitate, still in the ice bath, is washed with three 
2 ml. portions of ice-cold water saturated with choline reineckate at 0°. 
Failure to wash with water saturated with choline reineckate leads to low 
recoveries, since choline reineckate is appreciably soluble in cold water. 
As much water as possible is then removed from the filter and precipitate 
by continued aspiration. This is essential, because water absorbs much 
less strongly than acetone at 327 m/x. 

The precipitate is dissolved by passing 15 ml. of acetone through the 
sintered glass filter, and the optical density then determined at 327 ma~ 
Further dilution may be necessary if the sample contains more than 400 y of 
choline. If the sample contains more than about 1000 y of choline, readings 
can satisfactorily be made rvith a green filter and an ordinary photocolorim- 
eter. The amount of choline in the sample can then be determined 
mathematically in the usual manner, or from calibration curves such as arc 
shown in Fig. 2. The accuracy of this method, is, in the range of 50 to 
400 y of choline hydrochloride, about ±5 per cent. 

The results in Table I illustrate the applicability of the method to the 
determination of total choline in several materials. The recovcrj' of 
choline added before extraction and barium hydroxide hydrolysis is seen to 
be satisfactory in all cases. The present method suffers from the same 
lack of specificity encountered with other reineckate methods, since a 
number of compounds forming insoluble reineckates arc known. How- 
ever, as pointed out by Engel (3), Click (6), and others, such interfering 
substances are largely eliminated by methanol extraction and barium 
hydroxide hydrolysis. Here, as in other reineckate methods, only total 
choline is determined. 


SUMMARY 

An increase in the sensitivity of the colorimetric determination of choline 
as the reineckate is achieved by employing ultraviolet light instead of 
visible wave-lengths, choline reineckate in acetone having an intense ab- 
sorption band with a peak at 327 m/i. The method has an accuracy of i5 
per cent with samples containing 50 to 400 y of choline hydrochloride. 
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SODIUM PHENOLPHTHALEIN PHOSPHATE AS A SUBSTRATE 
FOR PHOSPHATASE TESTS* 

Br CHARLES HUGGINS and PAUL TALALAY 
(F rom the Department of Surgery, University of Chicago, Chicago) 
(Received for publication, March 16, J945) 

Most of the determinations of phosphatase activity have been made 
with three substrates, glycerophosphate introduced by Kay (1), phenyl 
phosphate by King and Armstrong (2), and to a much smaller extent 
with hexose phosphate (3). Specifically,o;-and d-sodium glycerophosphates 
(4) and disodium and dipotassium (5) phenylphosphates have been utilized 
as substrates. We propose the use of a soluble phenolphthalein phosphate, 
water-clear until enzymic decomposition, when phenolphthalein is liberated 
and determined quantitatively in a colorimeter. The advantages of the 
new method are simplicity and accuracy; determinations are made without 
preliminary separation of proteins and the number of technical manipula- 
tions is small. Further, the kinetics of alkaline phosphatase activity may 
be followed continuously mthout sampling and a record of hydrolj'sis in 
relation to time obtained. 

King (6) has synthesized several phosphoric esters which are colorless, 
or nearly so, and which liberate chromogen after phosphatase hydrolysis; 
among these are the calcium, lead, and barium salts of phenolphthalein 
phosphate. With these compounds King found that the “rate of enzymic 
hydrolysis is too slow and that too large amounts of plasma arc required 
for it to constitute the basis' of a quick and accurate procedure.” This 
ingenious work of King is the basis of a qualitative test (7) for the pro- 
duction of phosphatase by certain genera of bacteria: a suspension of 
calcium phenolphthalein phosphate is incorporated in bactcriologic media 
upon which bacteria are inoculated; after growth for 18 hours or longer, 
ammonia vapor is blorni over the culture with formation of a red color 
where phosphatase has been elaborated. 

The calcium, lead, and barium salts of phenolphthalein phosphate are 
not readily soluble in water. In this iaboratorj' the sodium .salt na*; 
prepared and found to be freely soluble, colorless, and stable, but rapidlj 
hydrolyzed by small quantities of phosphatase. 

Synthesis of Sodium Phenolphthalein Phosphate 

The method of preparation follows the customarj’ procedure for making 
organic phosphates, nith special precautions to obtain a compound free 

* This investigation was supported bj- a grant from the Albert and Mar% Last f r 
Eoundalion, Inc., and the Sidney and Frances Brody Foundation. 
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Phenolphthalein. Phenolphthaleiu is treated with 
lytd to^rhetllfh^ “ The acid chloride is hydro- 

inlo its sodil St " “W. a-i »!>» latter i, everted 


M ethod 

directions may be followed. To 32 gm. of 
phenolphthalein is added fairly rapidly with mechanical stirring a mixture 

dry phosphorus oxychloride in about 60 cc. 
f dry chloroform Dry pyridine, 25 cc., is then added slowly, while 
irrmg rapidly and cooling the reaction mixture with ice. The additioi 
h regulated so that the reaction flask does not beconw 

not. the mixture should be stirred for several hours and should be allowed 
OS an at east overnight to permit the reaction to go to completion, 
the degree of completion of the reaction may be determined by with- 
ray^g sma I samples of the reaction mixture and adding excess alkali, 
the intensity of tht^red color is a measure of the amount of free unchanged 
phenolphthalem and serves as an index of the state of completion of the 
reaction. 


^i^tnre is evaporated in vacuo at room temperature or 
wth slight warming in order to remove most of the chloroform. About 
100 nc. of water are then slowly added xvith stirring and cooling. There 
IS copious evolution of hydrochloric acid, and a white precipitate forms. 
Strong sodium hydroxide (40 per cent) is added until all the precipitate 
redissolves and the solution is alkaline to phenolphthalein; the small 
amounts of phenolphthalein in the solution serve as its oivn indicator. 

The alkaline solution is extracted tivice ivith ether in order to remove 
pyridine. If the solution is too viscous, some water may be added, although 
it is desirable to keep the volume as small as possible in order to facilitate 
the later precipitation of phenolphthalein diphosphoric acid. The aqueous 
layer is acidified with concentrated hydrochloric acid until blue to Congo 
red. This precipitates phenolphthalein diphosphoric acid, which is e 
glistening, viscid mass. When precipitation is approximately complete, 
the supernatant solution is decanted and the free acid dried in vaevo over 
calcium chloride. The dry, crude phenolphthalein diphosphoric acid is 
ground in a mortar to a white powder. 

The powdered acid is dissolved in methanol, to which some pyridme 
has been added to increase the solubility. A solution of sodium ethos e 
in ethanol, made by dissolving metallic sodium in absolute ethyl 
is added until no further precipitation occurs. The sodium phenoIphfM 
ein phosphate separates as a copious white precipitate which is nite 
off or the supernatant decanted. The precipitate is washed with repes e 


changes of alcohol and ether, until it is quite dry. 
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The preparation at this stage should be white and give almost no color 
in alkaline solution. It is repurified by dissolving in a mixture of methanol 
(80 parts by volume) and formamide (20 parts by volume), reprecipitating 
ivith absolute ethanol, and washing the precipitate with ethanol and 
ether. Eeprecipitation from aqueous solution is not so satisfactory, 
since the sodium salt comes down as a sticky mass. It has not been pos- 
sible to crystallize this compound in good yield; none of the preparations 
has contained free phenolphthalein, although inorganic phosphate is 
usually present in small amount. The sodium phenolphthalein phosphate 
should be kept dry, dark, and cold. Under these conditions it remains 
quite stable. 

Analyses of the most pure preparations have shoivn sodium, 11.68 per 
cent; total phosphorus, 9.46 per cent (calculated for CjoHuOnP-Nas; 
sodium, 19.0 per cent, and phosphorus, 10.24 per cent). Although the 
preparation to date is not pure and contains some free inorganic phosphate, 
this does not affect its serviceability in determining phosphatase activity. 

Principles Underlying Performance of Phosphatase Test — Phosphatase 
liberates from the colorless soluble ester the quinonoid structure on which 
the color of phenolphthalein depends, producing redness at alkaline pH 
in relation to the activity of the enzyme present; the color is intensified 
maximally, stabilized, and the enzyme inhibited by adding a buffer at 
an appropriate alkaline pH, containing a phosphatase inhibitor. 

EXPERIMENTAL 

Amount of Color of Phenolphthalein and Its Stability in Relation to pH 
Phenolphthalein was dissolved in alcohol and diluted ivith water so that 5 
mg. were contained in 1 liter; 5 cc. of this solution were mixed with 5 cc. 
of 0.25 M glycine sodium hydroxide buffer at varied pH which was 
measured electrometrically and the light transmission determined with a 
540 m^i filter; the colorimetric reading was recorded immediately, and 
after 1 hour, at room temperature. Maximum color was developed at 
pH 10.3 to 11.4, but solutions more alkaline than pH 10.9 faded appreciably 
in 1 hour (Fig. 1). 

Optimum pH for Acid and Alkaline Phosphatases icith Phenolphthalein 
Phosphate As Substrate — The optimum rate of hydrolysis with varj'ing pH 
for acid phosphatase in 0.2 n sodium acetate-acetic acid buffer at 37 
was determined rvith human semen (1:100) as the source of enzj'mc; the 
amount of reaction product was measured as inorg.onic phosphate bj the 
method of Fiske and Subbarow (8). The optimum acti\-ity w.as found 
to be between pH 5.5 and 6.0. 

Similar determinations were made for alkaline phosphatase in 0.1 m 
sodium barbital-hydrochloric acid (9) and in 0.1 M sodium borate-sodium 
hydroxide (10) at vai^dng pH unth an extract of cattle intestinal mucosa 
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phthalein libei'ated by 100 cc. of seram versus log enzyme concentration. 
The reference point of the plot is 1 mg. of phenolphthalein related to 10 
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preparation of fairly high activity, e.g. a pathological serum, or urine from 
a normal young adult human male, is diluted to give a number of relative 
enzyme concentrations. These are run through the test and the amount 
of mg. of phenolphthalein liberated by 100 cc. of enz 3 Tne preparation is 
computed. A plot is made of mg. of phenolphthalein versus the enzyme 



Fig 3 Log-log plot of phenolphthalein liberated, expressed as colorimeter dcn*:jt> 
and enzyme eoncentration in relative units at x'anous times of incubation 0 cc of 
0 001 M sodium phenolphthalein phosphate in sodium barbital buffer (M C pm per 
liter) plus 1 cc of cattle intestinal mucosa phosphatase Incubated at 3/ .color read 
at 30, 45, 60, 90, and 120 minutes in an Exelyn colorimeter 

concentration in arbitrary units on log-log graph paper (three cycles by tvo 
cycles tvill be foimd convenient). The points will lie on a straight line. 
The unit curve which is being determined is then a line parallel to the 
line found above, but passing through the point of definition of our unit, 
t'.c. 1 mg. = 10 units. The equation relating P, the number of mg. of 
phenolphthalein liberated by 100 cc. of enzame solution, and L , the 
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curve is modified by plotting twice the phenolphthalein concentration pet 
liter against the colorimeter reading. 

Restdts 

Accuracy — In routine testing the accuracy of duplicate checks is mthin 
±2 per cent for normal human sera. 

Serum — ^The phosphatase levels of fifty-six normal adult humans (forty- 
one males aged 21 to 65 and fifteen females aged 21 to 50) were determined. 
For acid phosphatase, the average is 5.9 units per 100 cc. with a range 
of 3 to 10 units and the peak of the distribution cun'e lies between 4.0 



Fig. 4. Distribution curves of normal human serum phosphatase values o 
six individuals of both se.xes. Acid phosphatase average, 5.9 units per 100 cc. 
line phosphatase average, 9.5 units per 100 cc. 

and 6.0 units (Fig. 4). For alkaline phosphatase, the numerical 
is 9.5 units per 100 cc. ivith a range extending from 3 to 15 uni s w ^ 
distribution cun'e peak at 7.0 to 9.0 units (Fig. 4). No difference e 
the sexes could be demonstrated in the sera on this small samp e. 

In these laboratories 1 hour has been found satisfactorj' for mos^ 
minations on biological materials; 2 hours of incubation 
accurate results for very low phosphatase values. The sera ° ^17 

normal persons (thirteen females aged 21 to 58 and forty-si-x ma^^^ ^jj^line 
to 76) gave a mean average; for acid phosphatase 0.66 mg. an 
phosphatase 2.57 mg. of phenolphthalein were liberated per 
serum in 2 hours. 
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Milk~ln testing cow’s milk, this fluid should be diluted uith an equal 
quantity of water to facilitate transmission of light through the samples. 
Six samples of raw milk contained the follo^^^ng phosphatase values in 
units per 100 cc.; acid phosphatase 6.1 to 10.0 units; alkaline phosphatase 
46.2 to 84.0 units. Kay and Graham (12) have previously described the 
effects of pasteurization on phosphatases in milk. 



Fig. 5. Continuous study of alkaline phosphatase hydrolyses. Graplis obtained 
with three pathological and two normal human sera; also a dilute cattle muco«a 
phosphatase preparation. Incubation at 37”. Color read in an Evelyn colorimeter 
(540 ma filter). 

f/nhe— Freshly voided urine of six young normal adult human m.alcs 
had the following values per 100 cc.; acid phosphatase 3S to 50.4 unit.s; 
alkaline phosphatase 1.5 to 5.0 units. In a previous study of urinarv' 
phosphatases (13) with the method of King and Armstrong (2) it was 
found necessarjr to dialyze the urine to eliminate interfering chromogcn=. 
Dial}rsis is not necessarj' with the present method. 
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Continuous Study of Kinetics of Alkaline Phosphatases 

Since the optimum pH of alkaline phosphatase is more alkaline than 
the "end-point” of phenolphthalein (about pH 8.3), the progress of fh' 
enzymic hydrolysis can be observed continuously by reading the color 
intensity with respect to time. A colorimeter of the Evelyn type was 
mounted in a 37° incubator, the galvanometer being outside where it wa 
observed conveniently; The usual alkaline-buffered substrate was used 
but no glycine was added. The reaction occurred directly in a colon 
meter tube which was left in the colorimeter, and increases of densitj 
Avere observed continuously (Fig. 5). 

SUMMARY 

The synthesis of sodium phenolphthalein phosphate is described. The 
compound is easily soluble in rvater, contains no free phenolphthalein! 
but, to date, is impure, being contaminated with a sinall amount of inor- 
ganic phosphate; it is, horvever, serviceable as a substrate for phosphatase 
tests. 

In phosphatase determinations with tlris substrate, color, is direct y 
measured avithout precipitation of proteins and avith few technical opera- 
tions; the accuracy is within ±2 per cent in duplicates. In addition o 
the convenience and accuracy of the method, the kinetics of 
phosphatase activity can be studied directly and continuously uit ou 
sampling. 
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THE CHEMISTRY OF BONE F0R:MATI0N 

I. THE COMPOSITION OF PRECIPITATES FORMED FROM SALT 

SOLUTIONS 

By ADRIAN C. KUYPER* 

(.From the Department of Bioehemistry, Tulane University, New Orleans) 
(Received for publication, December 30, 1944) 

In a number of respects the composition of calcified tissue has been 
found to be similar to a precipitate formed from salt solutions super- 
saturated twth respect to calcium phosphate. Both bone and precipitated 
basic calcium phosphate give similar x-ray diffraction patterns character- 
istic of the apatite structure (1). Carbonate is present in bone and in 
the precipitate formed from salt solutions even when the calcium carbonate 
solubility product is not exceeded (2). The substance which is first 
formed both in calcification and in precipitation from salt solution has 
been thought to be a dicalcium phosphate which is rapidly changed to a 
basic calcium phosphate (3). Adsorption and hydrolytic reactions appear 
to cause similar changes in bone structure and in calcium phosphate 
precipitates (2, 4). Differences between the inorganic composition of 
calcified tissues of the same animal, as well as their solubility behavior, 
have been attributed to the action of the tissue cells (5, 6). 

The experiments reported in this paper were performed with the purpose 
of determining the equivalent composition of precipitates formed from 
serum salt solutions in order that the precipitates might be more closely 
compared with bone. It was found that their composition \-3rics with 
the composition of the solutions with which they are in contact. IMien 
in contact wth a solution of the same salt composition as blood serum the 
precipitate has appro.ximately the composition of bone or dentin. Wien 
in contact -with a solution of the same salt composition as saliva, the 
precipitate has nearly the same composition as enamel. 

EXPEniMENTAL 

The precipitates which were analyzed were formed from solutions 
prepared by measuring out and dissolving in water the required amounts 
of potassium acid phosphate, calcium chloride, magnesium chloride, 
sodium bicarbonate, sodium chloride, and sodium citrate. In order that 
precipitates might form at physiological pH it was necessary tliat calcium 
and phosphate be present in excess of the amount present in the diffu.riblc 

'Present address. Department of Physiolopical Chemistry, Bayne University 
College of Medicine, Detroit. 
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forms in biood serum. Sufficient sodium bicarbonate and sodium chloride 
were used to bring the bicarbonate content and ionic strength of the solu- 
tions after precipitation to the composition of blood. To prevent pre- 
cipitation immediately upon the addition of sodium bicarbonate, the 
solutions were presaturated ndth carbon dioxide gas. The solutions were 
placed in a constant temperature bath at 38° and stirred continuously by 
bubbling through them a mixture of carbon dioxide and air. The pH 
was controlled by the amount of carbon dioxide in the gas mixture. Pre- 
cipitation occurred xrithin 3 to 8 hours. 

The gas mixtures used in equilibration were prepared from air and 
carbon dioxide passed through capillary flow tubes. The pressures 
across the capillary tubes and the composition of the mixtures were readily 
controlled by allondng excess gases going into and leaving the capillaries 
to escape under suitable heads of water. Gases were saturated nith 
water x’apor at 38° before they were passed through the e.xperiraental 
solutions. 

At the end of the period of equilibration the precipitates were allewd 
to settle, the supernatant solutions were siphoned off, and the residues 
were transferred to centrifuge tubes and immediately separated by cen- 
trifugation and decantation. The wet precipitates were weighed and 
analyzed. Analytical values for the dry precipitates were obtained b) 
correcting for the supernatant solution present in the wet precipitates. 

The carbonate present in the wet precipitates was determined by aera- 
tion in a closed circuit apparatus into a measured excess of sodium hydrox- 
ide solution, precipitation with strontium chloride, and titration J ® 
e.xcess sodium hydroxide nith standard potassium acid phthalate (y- 
The solutions obtained after removal of carbon dioxide were dilute o 
volume and used for further analyses. Calcium xvas precipitated as a 
oxalate from solutions previously neutralized with sodium acetate, , 
twice with ammonia solution saturated with calcium oxalate, 
with permanganate (8). The results were corrected for the coprecipita i 
of small amounts, 2 per cent, of sodium oxalate (9), Phosphorus e 
minations (10) checked within 1 per cent. 'Repeated determina 
the ratio of calcium to phosphorus in samples of primary and 
phosphate were within 2 per cent of the theoretical. {one, 

rained by precipitation with calcium phosphate (11), oxidation o 
and iodometric determination of the acetone (12). The de ^ ^5 
procedure hax'e not been published, hlagnesium was i^jpally 

magnesium ammonium phosphate (13) and determined co on 
(10). The pH was calculated from the composition of t e ^ 
used in aeration and the bicarbonate present in the solution 
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Results 

Table I gives the results of these experiments. The amount of carbonate 
in the precipitates varies with the amount of bicarbonate in the supernatant 
solutions (Experiments 1 and 2). It also varies inversely with the total 
amounts of calcium and phosphate in the supernatant solutions (E.xperi- 
ments 3 to 6, and 21 to 27). An increase in the ratio of calcium to phos- 
phorus in the supernatant solution (Experiments 7 to 12) is accompanied 
by an increase in the amount of carbonate in the precipitate, but this 
might be attributed to a decrease in the total equivalent amount of calcium 
and phosphate (figures not shown) rather than to a change in the ratio 
of calcium to phosphorus. Solutions with the same calcium to phosphorus 
ratio (Experiments 3 to 5, figures not shown) may be associated with 
precipitates of widely different carbonate content. A decrease in either 
the amount of calcium with the phosphorus remaining constant (compare 
Experiments 4 and 23 wth Experiment 7), or a decrease of phosphorus 
■with the calcium remaining approximately constant (compare E.xpcri- 
ments 6 and 12), is accompanied by an increase in the amount of carbonate 
in the precipitate. Change in pH produced by change in partial pressure 
of carbon dioxide appears to have no pronounced effect on the composition 
of the precipitate (Experiments 13 and 14). Citrate, which has previouslj” 
been reported to be precipitated under somewhat similar conditions (11), 
is also precipitated under the conditions of these e.xperiments. The amount 
precipitated varies with the amount present in the supernatant solution 
(Expeiiments 15 to 17). The presence of physiological concentrations of 
magnesium in the precipitating solution markedly decreases the rate of 
precipitation of the calcium phosphate (Experiments IS to 27). The 
amount of magnesium carried down in the precipitate varies with the 
amount of magnesium and the amounts of calcium and phosphate present 
in the supernatant solution. In all the e.xperiments and especially in 
those in which equilibration w'as carried on for a short time in the presence 
of magnesium (E.xperiments 21, 22, and 28), the anions of the precipitate 
exceed the cations. This may be attributed partly to the inclusion of 
from 2 to 3 per cent of the total cations as sodium and potassium and also 
to precipitation of some of the phosphate as dicalcium phosphate (2). 

DISCUSSION’ 

In order that the composition of these precipitates might be compared 
with the composition of bony tissue, tj’pical analyses of bone, dentin, and 
enamel reported in the literature were calculated to the basis of equivalent 
ratios and recorded in Table II. The composition of bone .and dentin 
varies considerably, but in general it corresponds to the precipitate' in 
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Table I 

Composition 0 / Precipitates Formed from Salt Solutions 


.°L Before pptn.* 


Composition of solutions, mg. per 100 cc. 


After pptn. 


Composition of ppt. 
expressed as equivalent 
ratios (Ca = 100) 


28 0.2 

29 0.7 

30 2.5 


3.0 12.8 

2.2 12.5 

1.3 12.1 


85 20.0 
88 13.3 
97 6.5 
91 11.7 

87 14.8 

88 15.5 
91 14.0 
921 15.1 
00 15.7 
88 16.2 

87 18.0 
81 19.5 

89 17.4 
91 14.9 
84 16.5 
91 13.0 

88 15.4 

101 9.1 5.5 
107 0.7 6.7 
110 7.9 9.9 


108 7.0 6.1 M 
105 7.6 5.6 1-1 
98 10.5 5.2 M 
95, 11.4 5.5 0.7 
93 14.0 4.8 1-9 
91 14.8 4.0 1-8 
91 15.5 4.0 2.2 
lOS 3.6 1.8 
103 4.5 1.6 
101 5.6 1.8 


* In addition, sodium bicarbonate and sodium chloride were present in 8^ 
tions. Magnesium and citrate were present only in those the 

analytical values for these substances. Citrate was slowly decompose ^ fgg 
period of equilibration. It was present initially in amounts ranging 
mg. of citric acid per 100 cc. of solution. To those solutions ®9B>linra “ ^ 
than 2 or 3 days it was added daily in an amount equivalent to 2 mg. o ei n 
100 cc. of solution. 

contact with solutions containing about 3.5 mg. of phosplmrus and 
of calcium per 100 cc. of solution (Experiments 23 to 26, a e ■ 
are normal values of diffusible blood phosphorus and ca cium i 
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calcium and phosphorus are somewhat lower. Variations in the composi- 
tion of bone and dentin appear to be of such order of magnitude that 
they might be attributed to variations in the inorganic composition of the 
blood. The presence of a smaller amount of carbonate in the bones of 
young than of old animals ( 17 ) may be related to the larger amount of 
calcium and phosphorus in the blood of the young animals. 

Dental enamel contains proportionately less magnesium, carbonate, 
and citrate than dentin or bone. This appears to be related to the pres- 
ence in saliva of smaller amounts of these substances than in serum. 
Saliva contains only 0.5 mg. of magnesium per 100 cc., about 80 mg. of 
sodium bicarbonate, and from zero to a few tenths of a mg. of citric acid 
( 22 - 25 ). Although saliva contains very much more phosphorus, 15 rag. 
per 100 cc., than does serum, dental enamel contains about the same 
amount of phosphorus as dentin or bone. Precipitates formed from solu- 
tions of the inorganic composition of saliva (Experiments 28 to 30, Table I) 


Table II 

Composition of Calcified Tissues 


Tissue 

Biblio* 

graphic 

reference 

No 


Composition expressed as et^uivalent ratios (Ca 

- IW) 


P 

COi 

Mg 

Citrate 

Range 

Aver- 

age 

Range 

Aver- 

age 

Range 

Av- 

er- 

age 

Range 

A\ er- 
age 

Bone 

(15-17) 

81-9S 

89 

9.5-M.3 

12 4 

1.7-5 0 

3.1 


1.4 

Dentin 


94-97 

95 


11 3 


5.2 


liHiM 

Enamel 



92 

4 8-77 

0.5 

1 1-2,1 

1.5 


0 os 


have the same composition as enamel except for a somewhat higher phos- 
phate and a lower carbonate content. The smaller phosphate content of 
enamel might be attributed to a hydrolysis such as occurs when calcium 
phosphate precipitates are allowed to stand in water for a long period of 
time (26). Close comparison between the composition of these precipi- 
tates and enamel appears to be unprofitable because of the rapid rate at 
which equilibrated solutions change composition and because of variations 
in the composition of saliva. The relationships which exist between the 
composition of these precipitates and the salt solutions with which they 
are in contact suggest that the integrity of tooth structure is dependent 
on the composition of the saliva. 

sour.ARV 

VTicn calcium phosphate is precipitated from salt solution": und"r 
physiological conditions of pH, temperature, and ionic .‘:trcnpth. iIk* 
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composition of the precipitate varies %vith the composition of the pre- 
cipitating solution. When calcium, magnesium, phosphate, bicarbonate, 
and citrate are present in the supernatant solution in the amounts in which 
they are present in serum ultrafiltrate, the precipitate contains these 
substances in approximately the same molecular ratios in which they are 
present in bone or dentin. “RTien these substances are present m the 
supernatant solution in the amounts in which they are present in salna, 
the precipitate contains them in roughly the same molecular ratios in 
which they are present in enamel. 
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THE CHEMISTRY OF BONE FORMATION 

II. SOME FACTORS WHICH AFFECT THE SOLUBILITY OF CALCIUiM 
PHOSPHATE IN BLOOD SERUM 

Bt ADRIAN C. KUYPER* 
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Laboratory of Physiological Chemistry, The Ohio State University, Columbus) 

(Received for publication, December 30, 1941) 

With respect to their physiological behavior, the inorganic calcium and 
phosphate of blood appear to be in equilibrium tvith the bone salts. When 
the product of the concentrations of these two ions exceeds a certain value, 
bony tissue becomes more highly calcified; when it is less, decalcification 
takes place. When the concentration of one of these ions is either raised 
or lowered, the other changes reciprocally (1). 

This state of equilibrium has been only imperfectly reproduced, if at 
all, in inorganic salt solutions. Measurements of the solubility of calcium 
phosphate carried out in the presence of small amounts of the solid give 
values which vary from an extremely low solubility (2) to solubility equiva- 
lent to the calcium and phosphate present in the diffusible form in blood 
plasma (3). Since there is no adequate evidence to the contrary, these 
4videly divergent values might be attributed to failure to reach true equi- 
librium. The most reliable measurements of the solubilitj'' of calcium 
phosphate, or of bone, have been made by the use of relatively large 
amounts of solid for equilibration. Solubihty values obtained in this 
way by different investigators (4, 5) are not in good agreement but they 
amply demonstrate that the amounts of dissolved calcium and phosphate 
are much less than the amounts present in the diffusible forms in blood. 
This apparent difference in solubility is too large to be attributed entirely 
to the presence in blood of undissociated compounds such as calcium 
citrate (6) or creatine phosphate (7). 

The experiments reported in this paper represent the results of about a 
thousand determinations of the solubility of calcium phosphate performed 
with the purpose of reconciling the apparent difference in the solubility 
of calcium phosphate in salt solution and in blood serum. They .“^how 
that reliable solubility measurements arc obtained only when large amounts 
of solid phase are present in the equilibrium mixtures. They also .'how 
that precipitates of calcium phosphate formed from inorg.anic solutions 
var 3 '' considerabl}'^ in solubilitj', in general being most soluble when fir.'-t 
formed from dilute solutions. Citrate, magnesium, and pjTophosphate 

‘Present address, Department of Physiological Chemistrj', U.aync T nivem'.y 
College of Medicine,- Detroit. 
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further increase this solubility. Precipitates formed from solutions 
containing citrate, magnesium, bicarbonate, and chloride, in the amounts 
present in blood, have for a few days following their formation a solubility 
which corresponds roughly to the inorganic calcium and phosphate of 
blood serum. 


EXPERIMENTAL 

The procedure for the preparation of the calcium phosphate precipitates 
and the methods of analysis were essentially the same as in Paper I (8). 
Solubility measurements were made at 38° in solutions which contained 
about 0.025 m sodium bicarbonate and sufficient sodium chloride to bring 
the ionic strength to 0.158. During the period of equilibration, solutions 
were shaken mechanically with an undulating motion as a carbon dioxide-air 
mixture was bubbled continuously through them. Samples for analysis 
were siphoned off through a filter sj'stem which did not allow contact of 
the solutions with air. 

Pyrophosphate was determined by hydrolyzing a 5 or 10 cc. sample 
■with 2.5 cc. of 2 N H 2 SO 4 in a boiling xvater bath for 15 minutes, allowing 
the solution to cool to room temperature, and continuing w'ith the deter- 
mination of orthophosphate. Additional orthophosphate formed during 
the hydrolysis represents pyrophosphate. The solubility product constant 
of tricalcium phosphate was calculated by means of the constants and 
formulae developed by Sendroy and Hastings (4) and used as a measure 
of the solubility of the precipitates. 

Infl/uence of Amount of Solid Phase on Solubility of Calcium 
■phate (Table I ) — These experiments were designed to investigate the 
contradictory results obtained by other workers (2, 3) and to esfablis 
an experimental basis for measuring the solubility of calcium phosphate 
precipitates. Calcium phosphate precipitate was added in increasing 
amounts to saline solutions which had been previously equilibrate a 
38° ivith a mixture of carbon dioxide and air. Tht; systems w'erc t en 
equilibrated for 15 days. To obtain evidence as to whether or not 
rium was reached the composition of the gas mixture used in aeratiOT " 
changed at the end of the 13th day of equilibration so that the p ^ 
either decreased 0.09 unit (Experiments 1 to 6, and 8) or increase • ^ 
unit (Experiments 7 and 9). The ion products calculated , 

day of equilibration were based on the pH of the solution on the 
before the composition of the gas mixture was changed. A 
the negative logarithm of the ion product during this period of equi 1 
indicates that some calcium phosphate was redissolved; an increa. 

cates that it was reprecipitated. . amount 

The rate of precipitation of calcium phosphate vanes ''w 
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of solid calcium phosphate present in the solution. When no solid calcium 
phosphate was present, a solution which contained as much as 6 1 mg. of 
Ca and 3.5 mg. of P per 100 cc. (Experiment 1) formed no precipitate 
within the 15 days of the experiment, as shown by the constant value of 
the ion product. When a large amount of solid ealcium phosphate was 
present, equilibrium was approached more rapidly from undersaturation 
(Experiments 7 and 9) than from supersaturation. Evidence that equi- 
librium was reached is adequate only in Experiments 7 to 9, in which nearlj' 
the same ion product constants were obtained at the end of the 13th day 


Table I 

Influence of Amount of Solid Phase on Solubtlily of Calcium Phosphate 


The concentrations are expressed in mg per 100 cc of solution 


Expen 

mentNo 

Initial composition* 

Negatix e i 

loganthm of ion product, X after 

equilibration for • 

Dissolved 

Solid 

calcium 

phos- 

phatef 

Iday 

3 days 

■ 

13 

2da>‘safter 
pH change* 

P 

1 ca 

1 

3 5 


0 

23 46 

23 51 

23 45 

23 48 

23 50 

2 

2 0 

mm 

0 

24 SO 

24 54 

24 50 

24 50 1 

24 4S 

3 

2 0 

4 0 

3 

24 54 

24 59 

24 59 

24 62 

24 59 

4 

2 0 

4 0 

10 

24 78 

24 81 

24 91 


25 05 

5 

2 0 

4 0 

25 

24 96 

25 14 

25 34 

25 59 

25 49 

6 

4 0 

2 0 

50 

25 48 

25 61 

25 74 

25 89 

25 84 

7 

0 0 

0 0 

50 

26 59 

26 49 

26 57 

26 54 

26 66 

8 

4 0 

2 0 

200 

25 89 

26 14 

26 22 

26 35 

26 IS 

9 

0 0 

0 0 

200 

26 51 

26 45 

26 45 

26 47 

26 78 


* In addition to these substances each solution contained 0 026 m NallCOj and 
sufficient JfaCl to bring the ionic strength to 0 15S 

t The calcium phosphate precipitate was prepared about a month before from a 
solution nhich contained 25 mg per cent of Ca, 12 mg per cent of P, 0 72 gm per 
cent of NaCl, and 0 26 gm per cent of NaHCOj 
J For interpretation of these values see the text 


when equilibrium was approached from both supersaturation and under- 
saturation, and in which the change in solubility product after the small 
change in pH indicated that a significant amount of calcium pho'^phato 
was either redissolved (Experiment 8) or reprccipitatcd (Experiments / 
and 9). In Experiments 4 to 6, both in this series and in sex oral other 
series of .similar experiments not recorded here, x'cry small amounts of 
calcium phosphate, scarcely beyond the limits of error of analxs’s, vcrc 
redissolved during the last 2 days when the solutions ■nere equilibrated 
at a more acid pH. The re-solution of these small amounts of calcium 
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phosphate appears to indicate that equilibrium was also reached in these 
experiments. This is entirely possible, since equilibrium may be obtained 
at different solubility levels (see Table II) . It is difficult io prove, because 
solution or precipitation proceeds so slowly when these small amounts 
of solid are present. 

Effect of Concentration of Precipitating Solution and Age of Precigilale 
on Solubility of Calcium Phosphate {Table II ) — Calcium phosphate pre- 
cipitates were allowed to form for the indicated lengths of t.imp from solu- 
tions of sufficient volume to give about 0.8 gm. of precipitate. Each 
precipitate was equilibrated first for a day with 40 cc. of bicarbonate-salt 


Table II 

Effect of Concentration of Precipitating Solution and Age of Precipitate on Sohibilily 

of Calcium Phosphate 

The concentrations are expressed in mg. per 100 cc. of solution. 



Ppt. prepared 
from solutioa , * 

containing Age oi 

ppt. 


Equilibrium approached 


From supersaturation 


From undersaturstion 

I Ca I pH I 


* Kept for about 8 months in a stoppered flask. 

solution which contained initially 4 mg. of Ca and" 2 mg. of phosphorus 
per 100 cc. of solution (equilibrium approached from supersaturation^i 
then for another day with 40 cc. of bicarbonate-salt solution 
tained 2 mg. of Ca per 100 cc. of solution and no phosphate (equi n 
approached from imdersaturation). Supernatant solutions 
tates were separated from each other by means of a sip on 

by centrifugation. ^ ^ nee of the 

The solubility varies primarily in inverse relation to the g 
precipitate, extending from pK'.p_25.2 to 26-6 (Exphninente 
The smaller solubility of the precipitates formed from the 
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fcrated solutions (Experiments 16 to 21) is probably attributable to more 
rapid formation of the precipitate. Solubility is essentially independent 
of the ratio of calcium to phosphorus in the supernatant solution (Experi- 
ments 17 to 20). In each experiment, the nearly identical solubility 


Table III 

Effects of Citrate, Magnesium, and Pyrophosphate on Solubility of Calcium 
Phosphate Precipitates 

The concentrations are expressed as mg of P, Ca, Mg, and citric acid per 100 cc 
of solution. 










Equilibrium approached 


Experi- 

ment 

No. 

Ppt. prepared from solution containing 

Age of 

ppt. 

From supersaturation 

From 

undersat 

uration 


Ortho- 

phos- 

phate 

Ca 

Mg 

G'trate 

Pwo- 

phos- 

phate 


P 

Ca 

pH 

pK'gp 

pK'#p 

22 

9 

20 

0 

0 

0 

days 

1.5 

1 21 

2 72 

7.3S 

25 2 

25 5 

23 

9 

20 

0 

6 

0 

1.5 

1 67 

3 48 

7 35 

24.7 

24 7 

24 

9 

20 

0 

14 

0 

1.5 

Hiiil 


7 32 

24 5 

24 4 

25 

9 

20 

2.5 

0 

0 

I 5 

I 67 

3 02 

7 35 

24 9 

25 I 

26 

9 

20 

5 0 

0 

0 

1 5 


6 62 

7 40 

23 2 

23 5 

27 

9 

20 

2.5 

6 

0 

1 5 


2 44 

7.32 

24 6 

24 6 

28 

9 

19 

2.5 

7 

0 

1 5 

4 12 

6.34 

7 39 

23.1 

21.3 

29 

9 

19 

2.5 

7 

0 

1 5 


8 82 

7 39 

22 6 

23 7 

30 

9 

19 

2.5 

7 

0 

1 5 

5 17 


7 39 

23 S 

24.6 

31 

9 

19 

2 5 

7 

0 

I 5 

2 82 


7 3S 

24 3 

24 7 

32 

8 

17 

2 5 

7 

0 

1 5 


2 SS 

7 35 

24.1 

24 4 

33 

8 

19 

2 5 

7 

0 

1 5 


2 51 

7 32 

24 3 

21 0 

34 

9 

19 

0 

0 

0 

13 

1 22 

1 51 

7 32 

26 1 

26 1 

35 

9 

19 

5.0 

0 

0 

13 

1 23 

3 3S 

7 34 

25 1 

25 1 

36 

11 

23 

7 5 

0 

0 

13 

1 50 

A 47 

7 31 

24 G 

24 6 

37 

15 

32 

5.0 

10 

0 

13 

1 52 

3 20 

7 41 

24 S 

24 5 

38 

15 

33 

5 0 

10 

1 0 

13 

1 74 

3 34 

7 41 

24 0 1 

2! 4 

39 

15 

36 

5 0 

10 


13 


9 O'! 

7 45 

22 C 

22 6 

40 

15 

39 

5.0 

10 


13 

3 25 

9 95 

7 45 

22 5 ' 

22 5 

41 

15 

32 

5 0 

10 

0 5* 

13 

1 79 

3 12 

_L'i- 

24 7 1 

21 S 


* Added as thiamine pyrophosphate 


values obtained when equilibrium was approached from supcrs.attiration 
and from undersaturation show that the sj’stem t\as in equilibrium. 

Effecis of Ciirale, Magnesium, and Pyrophosphate on SobibilUy of Calcium 
Phosphate Precipitates (Table III)— The procedure for the prcparatio.a 
of the precipitates and the determination of their solubility vac e—entially 
the same as has been described. ^lagnesium was added a® micne-uim 
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chloride to both the solutions from which calcium phosphate was pre- 
cipitated and to the solutions in which the solubility was measured. Citric 
acid, added as sodium citrate, was rapidly decomposed during the period 
of precipitation. When precipitation proceeded for more than 2 days, 
the concentration was maintained at about 2.5 mg. per 100 cc., the amount 
present in blood (9), by the daily addition of about 3 mg. of sodium citrate 
per 100 cc. of solution. Citric acid was present initially in a concentration 
of 4 mg. per 100 cc. in the solutions used to test solubility; in Experiment 

24 it was present in twice this concentration. During the periods of 
equilibration the citric acid concentrations decreased to less than 1 mg. 
per cent. The addition of metaphen in amounts sufficient to give a con- 
centration of 1 part in 400,000, or 0.25 gm. of thymol, prevented the 
development of a turbidity on long equilibration, rvhich was difficult to 
remove by filtration. Inorganic pyrophosphate was precipitated from 
the solutions along with orthophosphate and could not be detected in 
the supernatant solutions (less than 0.2 mg. of pyrophosphate phosphoms 
per 100 cc. of solution). It was not added as such to the solutions used 
to determine the solubiUty of the precipitates. 

The solubility of calcium phosphate increases ivith the amount of citrate 
(Experiments 22 to 24) and with the amount of magnesium (Experiments 

25 and 26, and 34 to 36) in the equilibrium mixture. IVhen both magne- 
sium and citrate are present, the effects are additive and the amounts 
of dissolved calcium and phosphate correspond roughly to the amounts 
present in the ultrafiltrate of blood plasma (Experiments 27 to 33). This 
effect of magnesium and citrate on solubility w'as not as pronounced when 
the precipitates were equilibrated 13 days instead of 1.5 days. Inorganic 
P3rrophosphate has no very pronounced effect until it is present m an 
amount equal to about one-fifth of the orthophosphate (E.xperimen s 
37 to 40). Thiamine pyrophosphate has no effect when 

amount much larger than in the blood plasma (Experiment 41). ^ 

present in an amoimt equivalent to 1.0 mg. of phosphorus J 
it greatly increases the solubility of calcium phosphate (not s own m 
Table III). 


DISCUSSION 

The changes in solubility of calcium phosphate with age of the ^ 

parallel changes in composition of the precipitate of 

(8), and can reasonably be attributed to these changes. e e^e 
magnesium and citrate are larger than would be expecte on 
of their formation of slightly dissociated magnesium phosp a e 
calcium citrate complexes (6) respectively. Both citrate an ^ pf 
probably affect solubility by inclusion in and alteration of m 
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the precipitate. Magnesium appears to decrease the rate at which the 
composition of the precipitate is changed, after it is first formed from 
solutions of high concentrations of calcium and phosphate (8). The 
solvent action of magnesium on these precipitates furnishes a theoretical 
basis for reports that magnesium decreases the incidence of kidne}’' stones 
(11), that high salivary magnesium is associated ndth dental caries (12), 
and that serum magnesium rises in alkalosis (13). 

The pK'ip of tricalcium phosphate calculated on the basis of the amounts 
of calcium and phosphate foimd in serum ultrafiltrate, 5.4 and 4.0 mg. per 
100 cc. respectively (1), and a pH of 7.38, is 23.3. When calculated on 
the basis of ionic calcium and inorganic non-creatine phosphate, about 
4.8 and 1.5 mg. respectively (14, 7), the pK'.p is 24.3. The average value 
for precipitates formed in the presence of citrate and magnesium, and 
about 3 days old, is 24.1 (Experiments 27 to 33). Precipitates of this 
age have about the same composition as dentin or bone (8). It is possible 
that younger precipitates have a still higher solubility, but this is probablj’ 
limited by. the solubility of dicalcium phosphate. 

The marked effects of pyrophosphate are obser\'ed when pyrophosphate 
is present in the precipitate but cannot be detected in the supernatant 
solution. Inorganic pyrophosphatase is present in high concentration 
in blood cells and muscle tissues (15, 16) and inorganic pj’rophosphatc 
has been reported to be present in muscle after exercise (17). If high levels 
of calcium and phosphate in blood serum are maintained bj' inorganic 
pyrophosphate, calcium pyrophosphate should be present when calcified 
tissue is in contact nith tissue fluid. In experiments not recorded in this 
paper it was determined that the bone substance dissolved by a short 
exposure of fresh bone to hydrochloric acid solution did not contain meas- 
urable amounts of pyrophosphate. 

SUMMARY 

Calcium phosphate is precipitated from solutions of the serum .salf.s 
when calcium and phosphate are present in excess of the amounts found 
in serum ultrafiltrate. When precipitation has once begun, it continues 
until the amounts of calcium and phosphate in the supernatant solution 
are much less than the amounts present in scrum ultrafiltrate. 

The calcium phosphate which is precipitated from .=erum salt solution-: 
has a varjung solubility. It is most soluble when first fomied from dilute 
solutions; the solubihty decreases as the precipitate remains in the solution. 
Reliable solubility measurements require the presence of large 
of solid in the equilibrium mixtures. Solubility values vere i- -e 
by approach from both supereaturation and undersaturation. C i.anpov 
in solubility may be attributed to changes in the composition of 
the precipitate. 



424 


CHEMSTRY OF BONE FORMATION. 11 


The presence of magnesium and citrate in the precipitate and in the 
supernatant solution increases the solubility of calcium phosphate pre- 
cipitate. When these substances are present in the supernatant solution 
in amounts equivalent to their concentrations in serum, the solubility 
of the precipitate measured a few days after its formation corresponds 
closely to the amounts of ionic, and approaches values of diffusible calcium 
and phosphate in blood serum. 

The presence of pyrophosphate in the precipitating solution increases 
the solubility of calcium orthophosphate. Inorganic pyrophosphate is 
precipitated and cannot be detected in the supernatant solution. 

The author is indebted in Dr. D. F. Robertson of Merck and Company, 
Inc., for a supply of thiamine pyrophosphate. 
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THE EXCRETION OF “FOLIC ACID” THROUGH THE SION 
AND IN THE URINE OF NORMAL INDIVIDUALS* 

By B. CONNOR JOHNSON, T. S. HAMILTON, and H. H. MITCHELL 
(From the Division of Animal Nttiriiion, University of Illinois, Urbana) 

(Received for publication, April 13, 1945) 

A preliminary study by Wright et al. (1) -with the Slrcplococcus laclis 
R procedure (2) indicated that human urine contains only small amounts 
of “folic acid.” They reported 0.0047 to 0.0064 y (2) per cc. In a more 
complete study Wright and Welch (3) reported the folic acid analj’ses of 
forty-two samples of urine from fifteen individuals ivith the Laclohacillus 
casei procedure (4). They reported 0.0038 to 0.0238 mg. (average 0.0108) 
excreted per day and stated, “Evidently folic acid is unlike other members 
of the vitamin B complex in that only a trace appears in the urine of man 
(<1 percent, of the probable dietary intake).” 

In our work on the effect of temperature on the excretion of various 
nutrients through the skin and in the urine, we have found the dermal 
excretion of thiamine, pyridoxine riboflavin, nicotinic acid, pantothenic 
acid, biotin, and choline to be practically negligible as compared nith 
urinary excretion. However, folic acid has proved to be an interesting 
exception, in that more has been foimd to be excreted in the sweat under 
hot environmental conditions than in the urine. 

EXPERIMENTAL 

Four adult male subjects, age 21 to 28 3 'ears, were maintained for 8 
hours per day under hot moist conditions (37.7°, 70 per cent relative 
humidity) for two 5 day periods. The subjects were kept on a constant 
diet throughout the experiment. During the second e.vperimental period 
the diet was supplemented wth 5.3 gm. of brewers’ j’east per daj', repre- 
senting 5.5 y of added free folic acid (5), or 1.06 mg. of total folic acid (6). 

Daily (24 hours) urinarj’’ collections were made throughout the 5 d.aj’ 
periods and composite samples for each subject were analj’zed for folic 
acid. Complete 8 hour sweat collections were made each daj' and the 
samples combined as in the case of urine. All samples were preser\’ed 
uith acetic acid and stored in the refrigerator. 

The urine and the samples of sweat plus bodj' washings were anah'zcd 
for folic acid with the Streptococcus laclis procedure of Luckc}', Briggs, 

* The work described in this paper was doneunder a contract, recommended by the 
Committee on Medical Research, between the Oflice of Scientific Rcsenrrh and 
Development and the University of Illinois. 
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excretion of folic acid 


standard procedure of Landy and 

acid concentrate kindly supplie^by Dr R ^ 

of Texas and the other wi l l r r:/' “f the University 

kindly supplied by Dr E L R qf”lT “Lactobacillus casd factor” 
The dahy excretions nf f i Laboratories. Inc. 

sweat (8 hours), as determined hvb 

in terms of Williams’ foH^ ‘W ^ ^ organisms, are reported in Table I 

of the hourlXma te th A (nricrograms (2)). The ratios 

On the day forl^l Table I. 

y ollowing each exTienmental period, undUuted sweat was 


Period No, 


Table I 

__2^^^cretions of Folic Acid in Urine and in Sweat 


I. No dosage 


Average. 


II. Yeast do.sage 


Average. 


Subject 


c 

D 

E 

F 


C 

D 

E 

F 


(both periods). 


Cactohacillus casei assay 


SlreptococoiS lactis assay 


Dermal 
loss, 
a hrs. 


r 

15 

38 

26 

27 


Urinary 
loss, 
24 hrs. 


y 

15 

52 

35 

11 


[Ratio, dermal, 
to urinary 
nacretion of 
folic acid 
per hr, 


Dermal 

loss, 

8 hrs. 


9,0 

2.2 

5.2 

7.4 


y 

20 

22 

20 

15 


Urinary 

loss, 

24 hrs. 


y 

7 

12 

7 

C 


34 

23 

-5.95 

19 

8 

29 

20 

4.35 

18 

7 

38 

58 

2.0 

17 

14 

12 

20 

1.8 

9 

8 

28 

12 

7.0 

14 

6.5 

27 

27 

3.S 

14 

9 ( 

30 

25 

4.9 

17 1 

8 1 


Ratio, dtmsl 
1 touriaary 
erachoa ol 
fcbc add 
per hr. 


8.6 

5.5 

8.6 


7.5 

7.7 

3.6 
34 
6.5 

5.3 

6.4 


collected imder the same hot moist environmental conditions. These 
samples were preserved and analyzed as before. The foUc acid concen- 
tration of these sweat samples is given in Table 11. 

When Lactobacillus casei factor (Stokstad) was used as a referent 
standard in place of folic acid (Williams), the values obtained were 1.° 
(1.6 to 2.1) times as high. This increase in .values is due to the fact tha 
L. casei factor was slightly more than half as active as was folic acid of 
the growth of L. casei. The curve for the L. casei factor with hot • 
casei and Streptococcus lactis was markedly sigmoid, little increase in 
growth being observed until a threshold level was present. The value-- 
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obtained with the L. casei factor (Stokstad) standard nith S. laclis as 
the assay organism were approximately 15 times as high as those nith 
the folic acid (Williams) standard. This relative inactivity of L. casci 
factor for S. laclis has been reported several times (8). 

DISCUSSION 

The most interesting aspect of the results appears to be the relatively 
large excretion of folic acid through the skin, as compared to the urinarj’ 
excretion under profuse sweating conditions. As shoum in Table I, the 
average ratio of skin excretion to urinary excretion is 4.9 rrith Lactobacillus 
casei and 6.4 with Streptococcus laclis. This ratio for some of the other B 


Table II 

Folic Acid Concentration of Undiluted Siceat 


Period No. 

Subject 

Laclohacillus cctei assay 

Streptococcus loctis &5&3y 


1 

1 

y Ptr (C, 

7 per ce. 

I 

c 

0.00S9 

0.0062 


D 

0.031 

0.013 


E 

0.0062 

0.0053 

1 

F 

0,0046 

. 0.0023 

Average 

0.0127 

0.0067 

11 

C 

0,0024 

0.0027 


D 

1 0.0095 

0.0051 


E 

0.0018 

0.0042 


F 

* 0.005S 

1 


Average 


0.0049 

0.0038 

“ (both periods). | 

0 0088 

0.0053 


vitamins is by comparison' 0.48 for nicotinic acid, 0.24 for pantothenic 
acid, and 0.5 for pyridoxine; that is, the ratio is one-tenth to one-twentieth 
that for folic acid. 

However, as reported by Wright ct al. (1, 3), 've also have found that 
human urine contains only very small amount.® of folic acid. Thus if 
the human requirement for folic acid is 0.5 to 1.0 mg. units, as sugccstcd 
by Williams (9), even the total Streptococcus lactjs-active folic acid excre- 
tion for 24 hours under sweating conditions (approxiro.atcly 0.00 mg. 
unit per 24 hours for the sweat and urine) apparently would not afTcct 
materially the folic acid requirement. 

Since this work was completed, several reports (0, 10-12) have appeared 


' Unpublished data. 
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EXCRETION OF FOLIC ACID 


showing that many sources of folic acid contain a conjugate which can be 
hydrolyzed by the enzyme “vitamin Be conjugase” (11, 12). It seemed 
possible in view of these findings that the low urinary folic acid excretion 
might be due to the excretion of folic acid in urine largely as a conjugate. 

This postulate has been tested by the action of a vitamin Be conjugase 
preparation prepared from hog kidney by the method of Bird el al. (11) 
on pooled urine samples, as well as on yeast extract (Difeo) which was 
used to test the activity of the enzyme preparation. The values obtained 
are given in Table III. 

From Table III it is evident that there is no folic acid conjugate, such 
as that present in yeast, being excreted in urine. We have also found, 
as reported by Wright and Welch (3), that the folic acid content of urine 
is not increased by digestion wdth taka-diastase. 

Table III 


Effect of Enzyme Digestion on Folic Acid Content of Hog Urine 


Sample 

Enzyme treatment 

Folic acid conlrot 

Yeast extract 

None 

7 per gm. 

13 

<4 44 

Treated 

60 

Pooled Urine 2 

None 

0.010 

4 4 4 4 2 

, Treated 

0.009 

4 4 4 4 

None 

0.010 

4 4 4 4 Y 

Treated 

1 

0.0092 


SUMMARY 

1. It has been shown that the human excretes folic acid in the suea 

as well as in the urine. . , . 

2. Approximately 5 times as much active folic acid as determine 

LactobacillitrS casei was excreted per hour in the sweat as in ^y 

about 6 times as much as determined by the SlreptococcMs acts 

under conditions of profuse sweating. ncuba- 

3. The amount of fohe acid found in urine was not increase Y 
tion with vitamin Be conjugase. 
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SOME AMINO ACID ANALYSES OF HEMOGLOBIN AND 
0-LACTOGLOBULIN 


By G. L. foster 

{From the Department of Btoehemistry, College of Physicians and Snrgeonsj 
Columbia University, New York) 

(Received for publication, April IS, 1045) 

Quatititative determinations of aspartic and glutamic acids, leucine, 
glycine, lysine, arginine, phenylalanine, and tyrosine have been made by 
the isotope dilution method (1) on acid hydrolysates of horse hemoglobin. 
Two specimens of )3-lactoglobulin have been similarly e.vamined for the 
first five of the amino acids mentioned. A summary of the results of the 
analyses is given in Table I, together with some analyses from the literature 
for comparison. The data and experimental observations from which the 
results in Table I were calculated are given in Tables II and III. 

EXPERIMENTAL 

Materials 

The standard isotopic amino {icids were synthesized in this laboratorj- 
and were of satisfactoiy purity as evinced by analysis for C, H, and N ; also 
for Cl in the cases in which the amino acid was used as its hydrochloride 
(lysine, arginine, and glutamic acid) and by specific rotation in the case 
of the l(+)-glutamic acid. 

The horse carboxj'hemoglobin was prepared from sedimented and washed 
cells by electrodialysis. The crystalline material was twice recrystallizcd. 
It appears homogeneous in electrophoresis. The dry protein had 0.334 
per cent Fe and 16.8 per cent N. For the analyses the air-dried protein 
was Weighed and corrected for moisture (5.6 per cent) 

Sample A of the j3-lactoglobulin was a tuice crystallized preparation 
kindly given us by Professor R. K. Cannan. It was received as a moi't 
paste. The amount available for analysis was 7.05 gm. of protein, o'; 
determined by Kjeldahl analysis, 15.6 per cent being taken as the nitrogen 
content of this protein (9). Sample B was part of a preparation presented 
to Dr. E. Brand of this Department by Dr. G. Haugaard to whom we 
convey our thanks. It was weighed as an air-dried powder having 6.3 
per cent moisture. 


Procedure 

The essential operations in the isotope dilution method as u'-cd in thi' 
Work are (1) hydrolj'sis of a weighed sample of protein for 18 to 20 hours 
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AMINO ACIDS OF HB AND /3-LACTOGLOBDLIN 


with 15 to 20 times its weight of boiling 6 n HCl, (2) addition to the hydro- 
lysate of a weighed amount of isotopic di-amino acid whose N'® excess is 
known, (3) isolation from the hydrolysate of a specimen of the natural 
(0 isomer of the amino acid in a high state of purity, (4) determination 
of excess in the isolated compound by the mass spectrograph. 

In practice several different amino acids may be determined in the same 
hydrolysate. 

The addition of dl isotopic compounds to the hydrolysate necessitates 
the isolation of a specimen of the pure I isomer from the solution which 


Table I 

Amino Acids of Horse Hemoglobin and fi-Lacloglobulin 



Hemoglobin 

Amino add 



Value 

Blblio- 


This work 

from 

litera* 





ture 



residues 

per 

mole* 

per 

per 



cent 

cent 


Glutamic 

39 

8.5 


(2) 

Aspartic 

52 

10.3 


(2) 

Leucine 

77 

15.1 

15.7 

(5) 

Glycine 

50 

5.6 



Lysine 

39 

8.6 

8.1 

(6) 

Arginine . 

14 

3.7 


(3, 7) 

Phenylalanine 

27 

6.8 



Tyrosine 

11 

3.0 


(8) 


^-Lactoglobulio 


This work 


Value Biblio* 


■ 

Sample 

A 

Sample 

B 

litera. 

ture 



per 

cent 

per 

cent 

55 

19.1 


21.5 




19.0 




18.7 

36 

11.3 

11.2 

9.9 




|IK| 

50 

15.6 

15.7 

15.4 

8 

1.5 

1.5 

9.8 

33 

1 

1 

11.4 

11.4 


refer- 

ence 


(3) 
t 

(4) 
(3) 
t 

(5) 


* The molecular weights of hemoglobin and j5-lactog!obulin are taken 
and 42,000, respectively. 

t Snell, E. E., personal communication. 


to 


(3) 


be 66, <30 


contains both I and d. In some cases the racemic compound is ® 
than the desired I component and cannot be removed by recrys a 
For each different amino acid sought, some prelimiiiary work rous ^ 
be done to find a way to isolate a specimen of the I isomer. 
and also because it is essential that the compounds brought to iso o 
sis be in a high state of purity (or at least free from ot er ^ 
pounds), it seems necessary to outline briefly the procedure or 

of each amino acid. , drolys^*® 

The purification of each compound isolated from t e ^ ^ pure 
effected by recrystallizations under conditions known ea 
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Z isomer. Two or more recrystallizations were made after the correct 
specific rotation was attained. The purity of the compounds was estab- 
lished by (1) constancy of isotope concentration at successive stages of 


Table II 


Analyses of Horse Hemoglobin 


Experi- 

znent 

No. 

(1) 

Amino acid added 

N»* excess in compound isolated 
at successive stages of 
reciysUllizfttioD 

Weight 

of 

protein 

hydro- 

lyzed 

(fl) 

(7) 

.^ino add 
in protein* 

100^ 

B 

' (8) 

Compound 

(2) 

Amount 

of 

/-amino 

acid 

(A) 

(3) 

Nw 

excess 

(Cb) 

(4) 

tC) 

IS) 

Mean 

(C) 

values 

(6) 




ciom 


atom 





gm. 

per 

atom per cent 

per 

gm. 





cent 


cent 



4 

Tyrosine 

0.0740 

6.85 

0.694, 0.693, 0.710 

0.699 

21.65 

3.0 

5 


0.0734 

6.85 

0.602, 0.602 

0.602 

25.60 

3.0 

7 

<( 

0.0768 

6.85 

0.645, 0.654, 0.647 

0.649 

24.58 

3.0 

4 

Phenylalanine 

0.0739 

6.79 

0.324, 0.320, 0.327 

0.324 

21.65 

6.8 

5 

<( 

0.1296 

6.79 

0.466, 0.478, 0.472 

0.472 

25.60 

6.8 

7 

(( 

0.1522 

6.79 

0.552,0.563,0.563 

0.559 

24.58 

6.9 

1 

Arginine 

0.0850 

8.72 

0.845,0.831 

0.838 

21.60 

3.7 

4 


0.0710 

8.72 

0.722,0.697 

0.720 

21.65 

3.7 

5 


0.0614 

8.72 

0.530, 0.527, 0.529 

0.529 

25.60 

3.7 

7 

Lysine 

0.1372 

9.09 

0.559, 0.557 

0.558 

24.58 

8.5 

8 

tt 

0.1542 

9.09 

0.674,0.667, 0.671 

0.671 

22.13 

8.7 

11 

it 

0.1430 

9.09 

0.690,0.691,0.691 

0.691 

20.39 

8.5 

5 

Glutamic acid 

0.2030 

4.52 

0.383,0.384,0.381 

0.383 

25.60 

8.6 

7 

(( (i 

0.2211 

4.52 

0.437,0.440,0.435 

0.437 

24.58 

8.4 

8 

tl tt 

0.2446 

4.52 

0.528,0 528,0.528 

0.528 

22.13 

8.4 

8 

Aspartic “ 

0.1642 

6.75 

0.452, 0.449, 0.450 

0.450 

22.13 

10.4 

11 

tt it 

0.1420 

6.75 

0.421, 0.426 

0.424 

20.39 

10.4 

8 

Glycine 

1.1869 

1.15 

0.570, 0.574, 0.565 

0.570 

22.13 

5.5 

11 


0.3498 

3.38 

0.791, 0.789, 0.787 

0.789 

20.39 

5.6 

2 

Leucine 

0.0767 

6.73 

0.646, 0.642, 0.626 

0.638 

4. 85 

15.1 

3 

tt 

0.0621 

6.73 

0.547,0.552, 0.537 

0.545 

4.69 

15.0 

6 

t( 

0.0300 

6.73 

0.507, 0.508 

0.508 

2.44 

15.1 

lot 

ft 

0.0210 

6.73 

0.5 i 5 

0.525 

1.65 

15.0 


* The values in Column S are calculated from the mean values of (C) which arc 
shown in Column 6. 

t Hydrolysis continued for 94 hours. 


reci^’-stallization, (2) melting point in the cases of bcnzoylglycine, dibcnzoyl- 
lysine, and the benzenesuKonyl derivatives of leucine and phenylalanine, 
and (3) nitrogen content bj' Kjeldahl analysis. 

Isolation of Amino Adds — ^.^ter the isotopic amino acids have been 
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<5 

Glutamic Add — ^The filtrate from lysine phosphotungstate is freed from 
phosphotungstic acid by extraction wth butanol-ether mixture. The 
dicarboxylic acid fraction is obtained in the usual way with barium hj'drox- 
ide and alcohol. From this fraction glutamic acid is isolated and purified 
as the hydrochloride (1). 

Aspartic Add — ^The filtrate from glutamic hj'^drochloride, after appropri- 
ate treatment, yields copper aspartate which is purified as the free acid 
bj’- recrj-^stallization from water until it has [a]“ = -|-25.5° (c = 2 in 1 
N HCl). The substance is then recrystallized two or three times more, 
a sample being saved at each stage for analysis. 

Glycine — ^The filtrate from the barium dicarboxylates is freed from alcohol 
and barium and treated with potassium trioxalatochromiate according to 
Bergmann and Fox (14) for the isolation of glycine. The glycine is purified 
as the benzoyl derivative; m.p. 190° (corrected). 


DISCUSSION 

The figures in Table I refer to only the I form of the amino acid in the 
hydrolysate. Just how closely this coincides ivith the amount of amino 
acid in the original protein may be somewhat uncertain, for we do not knon 
for every amino acid whether or not there is partial destruction or racenuza- 
tion during hydrolysis. The fact that most of the amino acids are stab e, 
and are only very slowly racemized when boiled with acids, does not pie 
elude the possibility that the compounds may be more labile while m pep 
tide linkage. This possibility has been raised recently by Martin an 
Synge (15) to account for their finding of racemized acetylphenyla anine 
from a wool hydrolysate. They cite from the literature several instancK 
wherein partly racemized phenylalanine has been isolated from pr 
hj-^droly sates. However, subsequent work by Gordon, Martin, an 
(16) has thrown doubt on the validity of the finding of racemize ace 
phenylalanine. _ , 

It has previously been shown (17) by the isotope dilution met o 
in the hydrolysis of placenta and of tumor tissue, there is no ® 
racemization of glutamic acid, at least 99 per cent of this amino 
hydrolysate being in the I form. A similar experiment 
phenylalanine in a hydrolysate of horse hemoglobin is non 
To the acid hydrolysate of 31.4 gm. of once crystallized horse 
0.800 gm. of df-phenylalanine having 1.71 per cent "/fZ-phen)'!- 

The Z-phenylalanine isolated had 0.264 per cent N''^, " J ® ® calcub*® 

alanine isolated had 0.904 per cent From these a “ ' , 

(c/. (17)) that the original hydrolysate contained 2.16 gm. o 

J This hemoglobin was a different lot and presumably less pure t 
the other analyses. 



G. li. FOSTER 


437 


nine and 0.04 gm. of d-phenylalanine derived from the protein. Thus, 
only 1.8 per cent of the total phenylalanine from the protein was the d 
isomer. This is about the magnitude of the error to be expected in the 
experiment and is not significant. 

That there is destruction of phenylalanine in boiling 6 n HCl is indicated 
by the finding of ammonia and the odor of phenylacetaldehyde in the 
reaction mixture. An experiment designed to measure by isotope dilution 
the extent of this decomposition of phenylalanine in boiling 6 n HCl solu- 
tion indicated a destruction of about 5.5 per cent of the compound in 40 
hours. Hence, it seems likely that the figure for phenylalanine in Table 
I is 2 or 3 per cent too low (i.e. 6.8 per cent perhaps should be t .0 per cent). 

Leucine, on the other hand, seems to be more stable. In Experiment 10 
(see Table II), hydrolysis was continued for 94 hours with no decrease in 
Meucine found. 

The values reported in Table I for glycine are subject to greater error 
than are the others because of the unfavorable ratios of Co . C in these experi 
ments. These low ratios were the result of adding to the hydrolysates not 
only the nitrogen-labeled glycine but also weighed amounts of normal glj - 
cine in order to insure sufficient of the amino acid in the hydrolysate or 
isolation and purification. This was not done in the other analyses. 

Comparison udth other values in the literature is found in Table . n 
general it seems, as would be expected, that the isolation methods (2, 3, 0) 
yield lower results. Two exceptions appear in Table I ; namely, the higher 
glutamic acid figure for / 3 -lactoglobulin by isolation (3) and the \erj ® 
agreement of the arginine values for hemoglobin by isotope i ution an } 
Vickery’s diflavianate method (3, 7). Our results agree uel \nt t o^e j 
the microbiological methods of Brand (5) for leucine, of Snell for glutamic 
and aspartic acids, and of Leuis and Olcott (4) for glutamic aci 

The writer thanks Mr. William Saschek for the carbon and hydrogen 
analyses, and Mr. I. Sucher for the determinations. 


SUMMARY 

Quantitative determinations of aspartic and glutamic ’ 

gtycine, lysine, arginine, phenylalanine, and tyrosme a\e een , , . 
the isolope dilut4 method on acid hydrolysate of horse hemoglol^m^ 

^-Lactoglobulin has been similarly examined for the the 

acids mentioned. The results are compared vit i recen ^a 

literature. Evidence is presented which indicate that 

slowly destroyed by boiling 6 N HCl but is not appreciably racemized. 

^ Snell, E. E., personal communication. 
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AMINO ACID DETERAIINATIONS ON CRYSTALLINE BOVINE 
AND HUMAN SERUM ALBUMIN BY THE ISOTOPE 
DILUTION METHOD* 

Bi- DAVID SHEJIIiV 

{From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia Vniversify, Ketc York) 

(Received for publication, April 18, 1945) 

In this paper there is reported the determination, bj' the isotope dilution 
method (1), of glutamic acid, aspartic acid, tyrosine, and glj'cine in both 
bovine and human serum albumin, and of R'^sine in bovine serum albumin. 
A summary of the analytical results is given in Table I and the data for 
the individual experiments are given in Tables II and III. 

The isotope dilution technique was also applied to the problem of the 
conversion of serine into glycine under conditions existing during the acid 
h 3 'drolysis of proteins. It was found that although serine is partialR- 
destroyed (3) it is not converted to glycine. 

EXPEBIMENT.\L 

The preparation and analytical data of the standard isotopic amino 
acids (4) and the isolation and purification of the Lamino acids from the 
protein hydrolysates (5, 0) were essentiallj' the same as those alreadj' de- 
scribed in reports from this laboratory. Weighed samples of the proteins, 
corrected for moisture, were hydrolyzed for 15 hours with 20 times their 
weight of 20 per cent HCl and knomi amounts of the different isotopic 
dl-amino acids were then added, after which the solution was boiled for 1 
hour. Amino acids isolated from the hj^drolysates were recrj'stallized 
under conditions known to lead to the pure I isomers (5, G). Their purity 
was established by the nitrogen content, the constancj' of isotope concentra- 
tion at successive stages of reciystallization, the specific rotation, and, in 
the case of glycine, by the melting point of the p-toluencsulfonjd derivative. 

Tyrosine — The hydrolysate containing the added amino acids was 
evaporated to dryness in vacuo and the residue dissolved in irater and 
treated with cuprous oxide to remove cj’^stine, as recommended by Bailej', 
Chibnall, Rees, and WilUams (7). The filtrate, after being freed of copper 

* The present analytical studies of plasma proteins have been carried out under a 
contract, recommended by the Committee on Medical Research, betiveen the OlTice 
of Scientific Research and Development and Columbia University. The preparations 
examined were kindly supplied by the Department of Physical Chemistry, Harvard 
Medical School. 
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with hydrogen sulfide, was at pH 3.5; it was concentrated to a small volume 
and cooled. Tyrosine crystallized as a mixture of the I and dl isomers 
(8). This was converted into the copper salts by treatment nith basic 
copper carbonate in a volume calculated to be just sufficient to dissolve all 


Table I 

Composition of Bovine and Human Serum Albumin 


Amino acid ^ 

Bovine 

1 

Human | 

No of residues per mole, mol. wt. « 
70,000 




Bovine 

Homan 

Glutamic . . 

Per cent 

16.95 

Per cent 

17.03 

81 

81 

Aspartic 

10.25 

9.77 

1 54 ! 

52 

Tyrosine.. . . 

5.53 

4.73 

21 

18 

Glycine 

1.96 

1 1.60 

18 


Lysine . 

12.42 

1 

60 

1 


Table II 

Analysis of Crystalline Bovine Serum Albumin* 


Experi- 
ment 1 
No. 

Amount 

of 

protein 
hydro- ' 
lyxcd 
(B) 

Amino acid added 

excess in compound at 
successive stages of 
recrystallUation 

(C*) 

Amino acid in 

protein 

a!?? 

Compound 

Amount 
of l- 
amioo 
acid 
(A> 

N» 

excess 

(C#) 


1ST. 


ms. 

aiom 

per 

affim Par cent 

per ctnl 





cent 



1 

4.925 

Glutamic acid ^ 

39.9 

18.69 ' 

0.840,0.857,0.866 

16.92 

4 

9.10 1 

(( 

94.7 ! 

18.69 

1.091, 1.071, 1.079 

16.97 

in ‘l.'v 

1 1 

4.925 1 

Aspartic “ 

36.75 

11.82 

0.790,0.800 

in 1/i 

4 * 

9.10 1 

it it 

90.60 

11.82 

1.057,1.051,1.056 

JU.iw 

9 

7.12 

Tyrosine 

63.37 

6.85 

0.954,0.949,0.915 

O.uu 

1 95 

1 

4.925 

Glycine 

307.1 

3.13 

' 2.38,2.43,2.37 

3.96 

4 

9.10 

{( 

I 3 OO .7 

3.01 

1.92,1.87,1.87 

19 42 

9 

1 7.12 

1 Lysine 

49.89 

9.09 

1 

0.483,0.488,0.485 



* Preparations “17” (used in Experiment 1) and “C. B. 25” FSool (d- 

4 and 9), from the Department of Physical Chemistry, Harvard Me ica 

( 2 ) 1 - 


of the copper df-tyrosine at 0° (6). The I '’^rr'stalli»f'“" 

freed from copper and the resulting Uyrosine purified oy r ^ pfgtcin, 
until the specific rotation of each sample conformed twth f 
Moore, and Bergmann (8). The tyrosine values for v 
serum albumins, 5.53 and 4.73 per cent respectively, founa oy 
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dilution method are in very good agreement -noth those of Brand el al. (2), 
5.49 and 4.66 per cent respectively, determined by their photometric meth- 
od (9) 

Glutamic Acid — ^The barium salts of glutamic and aspartic acids u ere 
precipitated from the tyrosine filtrate. The glutamic acid, isolated as the 
hydrochloride from the dicarboxyhc acid fraction, was recrystallized from 
20 per cent hydrochlonc acid under conditions such that at least twice the 
weight of dl-glutamic acid hydrochloride added to the protein hydrolysate 


Table III 


Analysis of Cryslallinc Hitman Serum Albumin* 



Amount 

of 

protein 

hydro 

lyzed 

(B) 

Ammo acid added 


N** excess in compound isolated 
at successive stages of 
recrystallizatioQ 
(C) 

Ammo acid 
in protein 

(%-Ox 
100 
^ B 

pen 

ment 

No 

Compound 

Amount 

of/ 

ammo 

acid 

M) 

N*» 

CTcess 

(Co) 

2 

gf» 

10 49 

Glutamic acid 

mg 

90 16 

atom 

per 

cent 

18 69 

atom per cent 

0 891, 0 884, 0 891 

Per cent 

17 21 

3 

7 80 

tt << 

89 37 

18 69 

1 183, 1 185, 1 187, 1 195 

16 90 

5 

7 98 

<* n 

86 80 

18 69 

1 115, 1 132, 1 136, 1 1.33, 

16 90 

7 

S 86 

t< t( 

73 72 

18 69 

1 139 

1 268, 1 281, 1 294 

17 11 

2 

10 49 

Aspartic " 

84 20 

11 82 

0 873, 0 873, 0 876 

10 05 

3 

7 80 

a tt 

91 05 

11 82 

1 274, 1 275, 1 267, 1 261 

9 70 

5 

7 98 

ti « 

74 60 

11 82 

1 047, 1 064, 1 055, 1 053 

9 57 

5 

7 98 

Tyrosine 

77 65 

6 85 

1 160, 1 158 

4 78 

7 

5 86 

(t 

379 8 

1 025f 

0 596, 0 595, 0 590, 0 600 

4 CS 

5 

7 98 

Glycine 

266 3 

3 03t 

2 06, 2 05, 2 05, 2 05 

1 60 

7 

5 86 

14 

352 7 

2 54t 

1 99, 2 06, 2 05, 2 06 

1 SO 


‘Preparation ''Com 1** from the Department of Fh 3 sical Chcmistr>, Harvard 
Medical School (c/ (2)) 

tin these experiments glycine containing 33 S atom per cent N" excels and 
tyrosine containing 6 85 atom per cent N>‘ excess «cre diluted with knonn .amounts 
of non-isotopic glycine and 1 1} rosine 


would have remained in solution (5) The specific rotation, based on free 
glutamic acid, was [a]^ = -b 31 0° ± 0 2° (2 to 3 per cent in 2 5 x HCl) for 
all samples. 

The necessity of removing cystine prior to the precipitation of the banum 
dicarboxjdates vas demonstrated by the following obsenation. In the 
purification of glutamic acid hi'drochloride from a hydrolj'sate of human 
serum albumin w'hich had not been treated with cuprous o-dde, the isobipe 
content at successive stages of recrj'stallization was constant (0 736, 
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0.719, and 0.735 atom per cent excess) and the nitrogen content bus 
7.7 per cent, from M’hich it might have been concluded th.at the substance 
was pure Z-glutamic acid hydrochloride. However, the specific rotation, 
even after five recrj^stallizations, was —4.3° instead of +31°. The con. 
taminant proved to be cystine dihydrochloridc, the identity of which was 
established by the isolation of crj’stalhne cystine by precipitation at pH 
4 to 5. Its presence is explained bj"^ the high cystine content of scrum 
albumin (2). It was found that the solubility of cystine dihydrochloricie 
in 20 per cent hydrochloric acid at 0° is considerably lower than that of 
glutamic acid hydrochloride in the same solvent.' 

Aspartic Acid — ^The filtrate from the glutamic acid hydrochloride was 
taken to drjmess in vacuo and from the residue aspartic acid was isolated 
as the copper salt. f-Aspartic acid was regenerated from the rccrystallhcd 
copper aspartate and repeatedly recrystallizcd. The specific rotation, 
based on free aspartic acid, was [«)“ = +25.3° + 0.2° (1.5 to 3 per cent 
in 2.5 N HCl) for all samples. 

Glycine — ^From the filtrate of the barium salts of the dicarboxj'latcs, 
freed from barium and alcohol and concentrated in vacuo, glycine wns iso- 
lated as the trioxalatochromiate (10) and converted into the p-tolncnc- 
sulfonyl derivative, m.p. 147-148°. The values for glycine are not ns 
precise as those for the other amino acids, for the ratio of the isotope concen- 
tration of the added glycine to the isotope concentration of the isolntm 
glycine is low (1). As the proteins contain but little glycine, it was neces- 
sary to add comparatively large amounts of glycine in order to iso a 
enough of the pure amino acid for the N'* determinations at succcssnc 


stages of recrystallization. _ ,. 

Lysine — Lysine was isolated as the e-monobenzoyl derivative ncco m 
to the method of Kurtz (11) from a hydrolysate of bovine senim a u 
from which cystine, tyrosine, and the leucine-phenylalanine frac ' . 
been removed. The purity of the e-bcnzoyl-Mysinc ivas esta 
by nitrogen analysis and by constancy of isotope concentration an 
rotation on successive rcciystallization. N = H.l 
11.2 per cent); [«]“ = +18.8° ± 0.2° (2.3 per cent ih N HOO. 

The specific rotation in n HCl of the isolated t-benzoy - - y 
constant during five recrystaliizations and the same ns tha o 
prepared from pure f-lysinc. The value observed for by 

in 50 per cent acetic acid was +11.4°, in contrast to +27. . {,gie.ir. 

Goldschmidt and ICinsky (12) . The reason for this discrepancy is ^ 

' Solubility determinations were carried out on cystine ncrcO.51 

tamic acid hydrochloride in 6.05 n hydrochloric acid at 0 ; t j .jutamic ari'l 
and 0.90 gm. per 100 gm. of solution of cystine dihydrochior is tt' 

hydrochloride respectively. Tlie solubility of glutamic aci i 
same as that found by GrafT, Kittenbcrg, and poster (5). 
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A' on-Cotiversion of Serhie to Glycine — ^The possibility that glycine might 
be formed, by a decomposition of serine in acid solution analogous to that 
knouTi to occur in an alkaline medium (13), was investigated bj' the isotope 
dilution method. To 990 mg. of serine, 500 mg. of isotopic gl 3 xine con- 
taining 1.095 atom per cent N“ excess were added and the mLvture was 
reflu.xed for 17 hours with 100 cc. of 20 per cent hj'drochloric acid. From 
this mixture gljxine was precipitated u-ith trioxalatochromiate and purified 
as the p-toluenesulfonj'l derivative. The isotope value of the isolated 
glj'cine was found to be 1 .091 atom per cent N*® excess. Since no significant 
dilution of the added glj’cine had occurred, it was concluded that none of 
the glj'cine in the protein hydrolj’-sate was derived from serine. 

STOIMARY 

The isotope dilution method was emploj-ed to determine the amounts of 
glutamic acid, aspartic acid, tjTosine, and glj'cine jdelded bj' crj’^stalline 
bovine and human serum albumins, and of l 3 'sine 3 delded b 3 '- bovine serum 
albumin. 

It was found that cystine dih 3 'drochloride is much less soluble in 20 per 
cent hydrochloric acid than glutamic acid hydrochloride, and in proteins 
containing appreciable amounts of C3'’stine glutamic acid hydrochloride is 
very likely to be contaminated imless the cystine is first removed. 

Conversion of serine to glycine does not occur under the conditions for 
acid hydrolysis of proteins. 
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THE EFFECT OF KEPRODUCTION AND ESTROGEN ADMINIS- 
TRATION ON THE PARTITION OF CALCIUM, PHOSPHORUS, 
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By AtARGARET R. McDONALD and OSCAR RIDDLE 

(From the Department of Gencties, Carnegie Institution of Washington, Cold Spring 

Harbor, New York) 

(Received for publication, April 4, 1945) 

In oviparous vertebrates each period of egg production is associated tvith 
large increases in plasma calcium and phosphorus.. Similar and even 
greater increases in these plasma components result from the administra- 
tion of gonadotropin or estrogens, but not of androgens. The literature on 
this subject has been recently reviewed by Campbell and Turner (1), Riddle 
(2), and Gardner and Pfeiffer (3). Small increases in the plasma protein of 
fowl during egg production have also been reported (4-6). 

A large part of the augmented phosphorus in the breeding females of 
birds, reptiles, and fishes (7-9), and in hens injected wth gonadotropin 
(10), is due to enonnous increases in the concentration of a phosphoprotein, 
serum vitellin, which is almost non-existent in the males and non-breeding 
females of these species. The effect of administered estrogens on the 
amount of serum vitellin has apparently not been studied (see “Adden- 
dum”). The remainder of the augmented phosphorus is due to increased 
inorganic and lipid phosphorus (7-10); it has been shown that both of these 
components can be raised by the injection of gonadotropin (10, 11) or 
estrogen (12-15). 

The increment in plasma calcium due to egg laying (4, 16-18) or estrogen 
treatment (19) occurs in the non-ultrafiltrable fraction. Various sugges- 
tions have been made regarding the nature of the compound or compounds 
responsible for the binding of the extra calcium, but the available facts do 
not provide a definite solution of this problem. The several suggestions 
have been summarized and extended by Greenberg ei al. (6). Their data 
for the laying hen indicate that part of the increment in non-diffusible cal- 
cium can be accounted for by the formation of a colloidal foim of calcium 

phosphateand that the calcium-combining capacity of serum \’itellin is suffi- 
ciently high to account for the remainder. Riddle and McDonald (19) found 
that one-third of the non-ultrafiltrable calcium in the plasma of estrogen- 
injected pigeons could be colloidal calcium phosphate. 

The investigation reported here is primarily a study of the partition of 
those plasma components which might be capable of binding the large 
estrogen-induced increases in calcium. Changes in the various calcium, 
phosphorus, and nitrogen components of plasma have been studied (a) 
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during the normal reproductive cycle of female pigeons and (6) under the 
influence of injected estrogens in mature and immature, normal, fasted, 
parathyroidectomized, and hjTJophysectomized pigeons of both sexes. The 
correlations between the various constituents, in plasmas obtained under 
these extremely diversified conditions, should indicate which components 
are responsible for binding the calcium. 


il/aferfafe and Procedures 


Most of the pigeons utilized in this study \rere white Carneaux, purchased 
from the Palmetto Pigeon Plant, Sumter, South Carolina. Some birds of _ 
various races from our own colony were also used; the ratio of colon}’ birds 
to white Carneaux was almost constant in the various comparative tests. 
The birds were ordinarily given a mixed grain diet consisting of cracked 
yellow com, peas, kafir and wheat, and a commercial grit containing oyster 
, shell, calcite, sand, salt, charcoal, and Venetian red. Those studied during 
3 the reproductive cycle were restricted to grains (corn and kafir) of Io«' cal- 
cium content during the 5 days previous to sampling. This procedure was 
preferred to a final complete fast of 24 hours, since, unless special preMU- 
tions are taken, some such complete fasts can be of 3C instead of the desired 
24 hours. The birds were studied at all seasons of the year, and heat was 
provided in glass-sided houses during the winter. . 

The various phases of the reproductive cycle in pigeons were determinra 
as follows. Accurate records of the time of egg laying were kept, m 
pigeons the approximate time required to develop the two egg yolks, t e 
hours at which each ovum leaves the ovary (omlation), and the time re 
quired for the egg to traverse the oviduct (43 hours) are fairly well es a 
lished. The time since the last previous omlation was therefore ^ > 
calculated. The weight (and race) of the birds, the diameter of the 
ovum, and the weight of the oviduct provided data from which time i 
ne.xt ovulation was calculated. . . 

Parathyroidectomy was performed by the method of Smith ( 3 * 
hj'pophysectomy (anterior lobe only) by the method of Sehoo c} ^ 

The care and treatment of the birds operated on have been prenoii- ' 


senbed (22). . 

The authors are indebted to Guinevere C. Smith for the opem 
also for the care of the treated birds. Estradiol benzoate an an ^ 
one were obtained from the Schering Corporation through t ic ^ 

Dr. Erwin Schwenk. Diethylstilbestrol was contribute 

Dohme, Inc., and dihydrotachysterol (A. T. 10) by the 'f ’ j,[ 3 rjy in 

Company’, Inc. All of these compounds were injected m 


volumes varjdng from 0.1 to 0.3 ml. 

Blood samples were taken 24 liours after the last inje 


Tlie hirth 
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had to be sacrificed to obtain the volume of blood necessary for all of the 
desired analyses. They were bled first from the radial arteries of each tving 
and immediately thereafter from the left ventricle, heparin being used as 
an anticoagulant. The blood obtained (15 to 20 ml.) was centrifuged imme- 
diately and the plasma analyzed as follows: (a) 1 or 2 ml. of plasma were 
diluted -with distilled water to 5 ml.; 5 ml. of 10 per cent trichloroacetic 
acid were then added, and the mixture left at room temperature for 10 
minutes and centiifuged. Aliquots of the supernatant were analyzed for 
calcium, inorganic phosphorus, and acid-soluble phosphorus. The precipi- 
tate was analyzed for protein nitrogen, lipid phosphorus, and protein 
phosphonis. (jb) 0.5 ml. of plasma was diluted 25 times wth water, and 
aliquots measured for total phosphorus and nitrogen, (c) The remainder 
of the plasma was ultrafiltered and aliquots of the ultrafiltrate analyzed for 
calcium, inorganic phosphorus, and total phosphorus. 

Analylical Methods 

UUrafdtration — ^Ultrafiltration was performed by the method of Green- 
berg and Gunther (23); Adscose instead of collodion sacs were used. All 
ultrafiltrates were tested for protein and the few which gave positive results 
discarded. Further confirmation of the satisfactoriness of the ultrafiltrates 
was obtained by analj'zing them for total phosphorus in addition to inor- 
ganic phoqihorus. No ultrafiltrate was used in which the difference be- 
tween these two analyses was significantly greater than the difference 
between the acid-soluble and inorganic phosphorus of the plasma. 

All data for the ultrafiltrates were corrected for the volume of the plasma 
proteins with the value 0.75 for the specific volume of the plasma proteins 
(24). Non-ultrafiltrable data were obtained as differences between the 
total and ultrafiltrable values. 

Calcium — Total and ultrafiltrable calcium was precipitated as calcium 
phosphate by the method of Roe and Kahn (25) from 3 ml. of a 5 per cent 
trichloroacetic acid solution (containing approximately O.OG mg. of calcium), 
with 0.5 ml. of 25 per cent sodium hydroxide and 0.5 ml. of 1.2 per cent tri- 
sodium phosphate. The precipitate was washed bj' the same method, and 
the calcium phosphate dissolved in 1.2 ml. of 60 per cent perchloric acid and 
analyzed for phosphate according to King (26). 

Phosphorus — ^Laskowski’s procedure (8) for the separation of the various 
phosphorus components was used, and aliquots of each phosphorus fraction 
analyzed by the method of King (26). In all samples analyzed the sum of 
the acid-soluble, lipid, and protein phosphorus was found to equal the total 
phosphonis. 

Nitrogen — ^All nitrogen determinations were made by the micro-Kjeldahl 
method. The protein nitrogen values given are the sums of the nitrogen 
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found* in the alcohol-ether extracts of the trichloroacetic acid precipitate 
and that of the residue after extraction. No difference was found between 
the values thus obtained and those determined directly on the trichloro- 
acetic acid precipitate. Protein nitrogen values have been corrected for 
lipid nitrogen with the equation, corrected protein N = observed protein 
N minus 0.5 lipid P. Non-protein nitrogen -was determined as the difference 
between total nitrogen and uncorrected protein nitrogen. Lipid nitrogen 
is not included in this fraction (27). 

Results 


The changes in the partition of the various calcium, phosphorus, and 
nitrogen components of pigeon plasma found in female pigeons during the 
reproductive cycle and after the injection of estrogens (in mature and imma- 
ture, male and female, normal, fasted, parathyroidectomized and hypophy- 
sectomized pigeons) are given in Fig. 1 and Table I. When differences due 
to age and the operative state of the birds are taken into consideration (19), 
it is evident that estrogens, w’hether naturally produced (during reproduc- 
tion) or experimentally administered, probably effect no significant change 
in either the ultrafiltrable calcium or ultrafiltrable inorganic phosphorus 
content of pigeon plasma. They do, however, bring about large increases 
in the non-ultra^trable (colloidal plus non-ultrafiltrable-non-colloidal) 
calcium and non-ultrafiltrable inorganic phosphorus.^ The individual data 
for these two components in all of the birds studied aie shown in Fig. 2. 
A direct relationship apparently exists between their increased values, 
w'hether the increase results naturally or e.xperimentally. The calculated 
lines of regression for each of the various groups were found to be practical!} 
identical. Calculation of the correlation coefficient for the 102 birck vhic 
shoived varying degrees of hypercalcemia (12 to 60 mg. of total calciuinp^^ 
100 ml. of plasma) due to endogenous or injected estrogen gave the high ) 
significant value, r = 0.955 ± 0.009. The correlation for the 72 control 
birds with normal or low (due to operation) calcium tvas only r = 0.5CG ± 
0.087. This may be due in part to inaccuracies resulting from the mc^n: 
ments when only small amounts of non-ultrafiltrable inorganic phosp oru^ 
are present. Greenberg et al. (6) noted, however, that, srithough t 
direct relationship between the amounts of serum calcium and inoig 
phosphorus in fowl during the laying period, such a relations ip is 


apparent at other times. 

* When the trichloroacetic precipitate of plasma was suspended in ([.j 

to extract the phospholipids (7), it was found that , ,'i,ors show 

protein nitrogen was also extracted. Unpublished expenmon s ol i 

this alcohol-ether-soluble fraction to be albumin. i -n the few birds 

• Low non-ultrafiltrable inorganic phosphorus values were oun i 
dying of tetany when sampled. These analyses have been omi tc i 
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Various workers have shovn that the non-ultrafiltrable inorganic phos- 
phorus in plasma of laying hens and in mammals vith experimental hyper- 
calcemia exists in the form of colloidal calcium phosphate. The high corre- 
lation found above suggests that the non-ultrafiltrable inorganic phosphorus 
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Fig. I. Changes in the various calcium, phosphorus, and nitrogen components of 
plasma of female pigeons during the reproductive cycle. The circles represent the 
mean values obtained from four to eight (twenty -two for resting stage) birds; the 
vertical lines indicate plus or minus two standard errors of the mean; when no ver- 
tical line is shown, this line falls within the area of the circle. 

of pigeon plasma is hkewise present as colloidal calcium phosphate. The 
literature on the nature and formation of this colloid has been reviewed by 
Schmidt and Greenberg (28) and Greenberg (29). There is no direct 
method at present for determining the composition of this colloid. Green- 






Table I 

Parlilion of Calcium, Phosphorus, and Kilrogcn in Plasma of Pigeons Given Various 

Treatmenls 


The results are given in mg. per 100 ml. of plasma. 






days 

nos 











Kone 




1.7 

7 
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10 
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10) 

200 

15 


2.S 

s 

9,0’ 

6.6 

1.3 

2.5 

3.S 

0.7 

19.3 

0.7 


Alumina gel 

1000 

19 


2.9 

3 

9,0? 

6.4 

I.O 

2.9 

4.1 

0.5 

20.4 

0.5 

376 


Parathyroidectomized controls 


Ca (+ 0.125 
mg. A.T. 10) 

i 

200 

9 

9 

2.3 

1 

4 

9, o’ 

4.5 

i 

0.4 

3.1 

9.8 

0.2 

26.0 

1.1 

437 

Ca (+0.125 mg. 
A. T. 10) 

200 

14 

14 

Ad 

5 

9 

5.0 

1.9 

2.8 

6.6 

1.0 

23.7 

1.0 

'503 

Ca (+0.125 mg. 
A. T. 10) 

200 

5 

5 

<( 

1* 

cT 

0.5* 

0.4* 

4.8 

;o.5* 

0.2* 

27.3 

1.6451 

Alumina gel 

1000 

20 

20 

3.2 

3 


6.4 

1.2 


6.2 

0.6 

20.6 

0.5j375 


Hypophysectomized controls 


None. . 

1 

! 

14 

2.7 

6 

9,0' 

5.7 

1.6 

1.8 

4.2 

0.8 

lO.sj 0.5|3I2 

Normal, from 118 hrs. before to 40 hrs. after ovulation 


None.. . 




Ad. 

53 

9 

5.9 

5.8 

10.6 

2.8 

3.0 

[38.7 

10.9[543 




Normal, i 

injected with estrogen 






Estradiol 

1 

1 



[ 

1 



4.8 

3.9 

1.5 

24.1 

0 

benzoatet ■ ■ 

0.25 

8 


2.5 

3 

1 9,0’ 

7.4 

2.9 


Estradiol 

1 









4.5 

5.2 

47.1 

17. oU 

j 

benzoatet 

0.5 

5 


2.3 

7 

9,d’ 

6.1 

10.1 

15.7 

Estradiol 
benzoatet . 
Estradiol 

0.5 

14 


1.8 

4 

9,d’ 

5.1 

i 

1 6.S 

12.3 

4.7 

2.8 

3.5 

39.7 

14 0 523 

12.4 

1 

18.6 

6.4 

45.3 


benzoatet. . 

0.5 

14 


2.7 

6 

9 

6.4 

Diethylslil- 






1 

6.5 

4.1 

10.9 

3.9 

2.1 

42.5 j 

9 

bestrolt 

0.2 

15 


Ad. 

3 


■ ' 
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Table I — Concluded 




mt. ! 

dayz 

dayz ' 

»noj. 








1 



Estradiol 















benzoatef. . . 


25 


Ad. 

2 

cf 

6.5 

6.8 

14.6 

iO 

3.5 

29.3 

12.4 

458 

Estradiol 

■ 














benzoatej. . . 

m 

6 


It 

6 

c? 

5.5 

12.4 

20.0 

2.3 

6.4 


24.4 

655 


Fasted normal, injected with estrogen 


Estradiol 



■ 




II 




■ 




benzoatef. . . 

0.5 

14 

■ 

2.8 

4 

cf 

0 




m 

39.3 

26.9 

619 


Parathyroidectomized, injected with estrogen 


Estradiol 
benioatetl . . 

0.25 

15 

17 

2.5 

2 

<? 

4.1 

7.6 


4.1 

3.9 

|29.5 


467 

Estradiol 
benzoatet§ . . 

■ 

15 

17 

2.5 

2* 

9 

1.4* 

1.7* 

9.8 

11.2* 

0.9* 



497 

Estradiol 
benzoateJII . . 

M 

15 


3.3 

B 

9,0’ 

6.6 


28.7 


8.8 

55.5 

34.4 


Estradiol 
benzoatet§ . . 

■ 

15 

17 

Ad. 

1 

9 

5.0 

6.6 

11.1 

5.6 

3.4 

41.8 

12.5 

542 

Estradiol ' 
benzo8tet§. . 

H 

15 

17 

« 

1 

9 



19.7 

12.1* 

n 

66.7 


636 

Estradiol 
benzoatetS . . 

1 

25 

27 

<( 

2 

cT 

4.3 

3.7 

6.4 

6.1 

1.9 

23.8 

6.4 

404 


Hypophysectomized, injected ■nith estrogen 


Estradiol 
benzoatet . . . 

0.5 

3 

16 

2.8 

2 

9, o' 

6.1 

1 

I 9.7 

1 3.6 

1.8 

1 

H 

ji 

Estradiol 
benzoatef. . . 

0.5 

14 

15 

2.7 

2 

9,0’ 

6.9 

6.8 

10.9 

4.2 


ifijR 

y 

*35S 


Normal, injected with androgen 


Androstene- 

3.0 

15 

1 

n 

3 

9 



i 

■ 












SB 

BIS 


^^5 



Ad. = adult. 

* Birds dying in tetany when sampled, 
t Dissolved in propylene glycol, 
t Dissolved in sesame oil. 

§ Plus 200 mg. of Ca + 0.125 mg. of A. T. 10 daily from time of operation. 
II Plus 1 gm. of alumina gel daily from time of operation. 
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bei^g and Larson (30), using indirect methods, have assigned to it the com- 
position Ca3(P04)2. With this formula the amounts of calcium bound as 
colloidal calcium phosphate have been calculated and the values given as 
colloidal calcium in Kg. 1 and Table I. The term colloidal calcium is here- 
after used to designate that ■pari of the calcium which is hound as colloidal 



MG. PER 100 ML. PLASMA 

Fig. 2. Correlation between non-ultrnfiltrable calcium (y) and 
inorganic phosphorus (i). The solid points are the dotted line® 

The solid line represents the regression equation, y - 4.22i -p 4.i( . 
indicate one standard error of estimate (S, = 3.8). 


GaiiPOih; subtraction of colloidal calcium from total non-uUrafi 
yields the fraction non-ullrafiltrdble-non-colloidal calcturn. 1 c 
seen that in all the birds studied only about one-third o , , 
treble calcium can be accounted for as colloidal ^ ^ ^ t},e non- 

Examination of the data in Kg. 1 and Table I also 

ultrafiltrable-non-colloidal calcium increases the upm P 
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increases. Drinker and Zinsser (31) noted that cephalin can combine with 
calcium, and estimated that 30 to 40 per cent of the bound calcium in normal 
mammalian sera could be united to this phospholipid. The limited amount 
of blood obtainable from a pigeon made direct determinations of cephalin, 
in addition to the other desired analyses, impracticable. Hock and Boll- 
man (32), however, found that the administration of diethjdstilbestrol 



Fro. 3. Correlation between lipid phosphorus and non-ultrafiltrable-non-colloidal 
calcium. The solid lines represent the regression equations for each type of bird 
studied (Table II) and the solid points the means for each control group. The dotted 
lines indicate one standard error of the estimate (Sy = 5.7) for the hypoph 3 'secto- 
mized fasted pigeons. 

increased both the cephahn and the choline-phospholipid content of cock 
plasma without materially altering their ratio. Fig. 3 and Table II, in 
which the inditddual data for lipid phosphorus and non-ultrafiltrable-non- 
colloidal calcium are given, show that, while there is some correlation be- 
tween these components, the calculated lines of regression for the various 
types of pigeons studied do not coincide. This is particularly true for the 
hypophysectomized and fasted pigeons, and indicates that the non-ultra- 
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filtrable-non-coUoidal calcium of pigeon plasma is probably not bound by 
phospholipid. The results of Greenberg et al. (6), although not conclusive, 
also provided evidence for the absence of a lipid-calcium compound in the 
serum of laying hens. The work of Taurog, Entenman, and Chaikoff (33), 
published since the completion of this study, casts doubt on the presence of 
cephalin in plasma. The degree of correlation (r = 0.704 ± 0.049) found 
between the lipid phosphorus and non-ultrafiltrable-non-colloidal calcium 
can probably be regarded as a consequence of the fact that both are in- 
creased by the same provocative agent, estrogen. 

It can be seen from Fig. 1 and Table I that the enormous increases in 
non-ultrafiltrable-non-colloidal calcium due to endogenous (at egg produc- 


Table II 

Relation between Lipid Phosphorus (y) and Non-Vllrafiltrable-Non-Colloidal Calcium 
(i) in Normal, Fasted, Hypophysectomized, and Parathyroideclomized Pigeons 
Shmuing ffypercalccmtaDuc to Endogenous or Administered Estrogens 


Type of pigeon 

No. of 

Regression equation, 
y » /rrjr tr 

Standard 
error oI 

Sy 

CerrctsliM 
/ ctfeiSmotr r 

1 

Normal, near ovulation 

53 

(m) 

2.24 

(r) 

14.0 

8.8 


" estrogen-injected 

31 

1.83 

17.1 

7.6 


Parathyroidectomized, estro- 
gen-injected ... 

13 


21.8 

10.8 

1 0.78*0.12 

Fasted normal, and hypo- 
physectomized, estrogen- 
injected. ... 

i 

8* 

1 

1 

1.37 

10.4 

5.7 

0.84*0.10 

All of above types 

105 






* Four birds of each tj'pe. 


tion) and administered estrogens are accompanied by only slight increas^ 
in protein nitrogen. These increases, if the protein remained unchang 
in kind, should be capable of binding only 1 to 2 mg. of calcium, thus 
ing more than 80 per cent of the non-ultrafiltrable-non-colloidal ca ciu ^ 
unaccounted for. Furthermore, calculations of the correlation coe . 
between the total protein nitrogen and the non-ultrafiltrable-non-co oi - 
calcium give the rather low value, r = 0.696 ± 0.051. 

Greenberg ei al. (6) and Laskowski* have noted that the phosp op 
serum vitelh'n, probably has a much higher calcium-combining cap 
than the usual serum proteins. This protein, as can be seen m ig-^ 
Table I, is markedly^ increased by the administration of estrogem 

’Laskowski, M., personal communication to the authors. 










Fig. 4, a. Correlation between protein phosphorus (serum vitellin) and “protein- 
bound” (non-ultrafiltrable-non-colloidal) calcium. The solid line represents the 
regression equation, protein-bound Ca = 0.712 protein F H- 2.99. The dotted lines 
indicate one standard error of estimate (Si, = 1.43). 

Fig. 4, 6. Correlation between protein phosphorus (serum vitellin) and “phospho- 
protein-bound” (non-ultrafiltrable-non-colloidal calcium minus calcium bound to 
plasma proteins other than vitellin) calcium. The central line represents t e re 
gression equation, phosphoprotein-bound Ca = 0./51 protein P + 0.74. e 
lines indicate one standard error of estimate (Sj, = 1.47). In Figs. 4, a an 4, t e 
solid points are average values for each control group. 
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as duripg the egg production cycle, and the increase parallels the increase 
in non-ultrafiltrable-non-colloidal calcium. The individual data for these 
two components for all of the birds studied are given in Pig. 4, o, where, for 
convenience, the non-ultrafiltrable-non-coiloidal calcium prematurely has 
been termed “protein-bound” calcium. It is evident that there is a marked 
relationship between the non-ultrafiltrable-non-colloidal calcium and the 
protein phosphorus content of pigeon plasma. Calculation of the correla- 
tion coefficient'* between these components for the 53 reproducing pigeons 
(from 118 hours before to 40 hours after ovulation) and for the 52 estrogen- 
injected pigeons gives the extremely significant value, r = 0.969 ± 0.006. 
The calculated lines of regression for the various types of pigeon were found 
o coincide, but they do not pass through the origin. These results suggest 
hat part but not all of the non-ultrafiltrable-non-colloidal calcium is bound 
o the phosphoprotein, serum autellin. 

The data for normal pigeons (Table I) indicate that the magnitude of the 
ialcium-combining capacity of the ordinary proteins of pigeon plasma is the 
arae as that of mammalian plasma. Assuming this to be true, the amount 
jf calcium bound by the plasma proteins other than vitellin can be calcu- 
lated with the equation 

Ca„vPr = 0.00527 (TPr K - 15.5 Pr P) 
in •which CanVPr = mg. calcium bound to protein other than vitellin 

0.00527 = “ “ " by 1 mg. of protein nitrogen' (30) 

TPr N = “ total protein nitrogen 
Pr P = “ protein phosphorus 

15.5 = factor to convert Pr P to Pr N’ 

Subtraction of Ca„vpr from non-ultrafiltrable-non-colloidal calcium jwlds 
the fraction tentatively called “phosphoprotein-bound” calcium. 1 
the data for this fraction are plotted against the data for protein phosp oru. 
(serum vitellin), Fig. 4, b, the lines of regression for the various 
birds studied still coincide, but they now, within the limits of accuroc) 
the measurements, also pass through the origin. Statistical 
the correlation between the “phosphoprotein-bound" calcium and c 
tein phosphorus for the 105 pigeons studied (with degrees of hyperca ec 
varying from 12 to 60 mg. of total calcium per 100 ml. of plasma J 
the highly significant result, r = 0.972 ± 0.005. It would t lus -C* 
all of the non-ultrafiltrable-non-colloidal calcium in pigeon p a-^ria 

‘The correlation between these variables for the toosw*" 

calculated, since the amounts of protein phosphorus in these bir s (herefor^ tc 
to be measured with any degree of accuracy and such calculations no 

meaningless. to clol''*^'“ 

‘Unpublished data of the authors show that the ratio o 
normal pigeon plasma is almost I'.l. 
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is not bound by the ordinary plasma proteins is bound by the phosphopro- 
tein, serum vitellin. The calcium-binding capacity of the latter is very 
great. Calculations from the regression equation (Fig. 4, 6) sho\r that 1 
gm. of serum vitellin (containing 0.95 to 0.99 per cent phosphorus’) can 
combine with more than 7 mg. of calcium, a value 8 to 9 times greater than 
that of the normal plasma proteins (30). 

Computation of the data in Table I and Fig. 1 shows that, in both male 
and female pigeon plasma, the proteins other than vitellin decrease after 
estrogen treatment. This decrease, however, may be fallacious, since 
LaskowskiV values for the phosphorus (0.95 to 0.99 per cent) and nitrogen 
(15 per cent) content of vitellin, accepted for these calculations, may prove 
to be too low when more highly purified viteUin is prepared. If the de- 
crease is real, it might suggest that serum viteUin is formed partly at the 
expense of the other plasma proteins. Laskowski (34) has presented 
indirect evidence indicating that the amount of globulin (other than vitellin) 
is smaller and the amount of albumin larger in the blood of la 3 dng hens. 
In the 73 control birds serum vitellin comprises only about 3 per cent of the 
total plasma proteins, while in the 53 birds in which ova were actively grow- 
ing or being released it averaged 31 per cent; and in the 52 estrogen-injected 
birds it averaged 50 per cent. 

The data on non-protein (total less protein) nitrogen and ester phos- 
phorus (acid-soluble less inorganic) are very inaccurate, since they are ob- 
tained as small difi'erences between two much larger values. No consider- 
able change was found, however, in the concentration of these components 
in the plasma of pigeons at egg production or after the injection of estrogens. 
Mean values plus or minus the standard error (expressed as mg. per 100 ml. 
of plasma) for non-protein nitrogen and ester phosphorus of 26 ± 3.5 and 
0.55 ± 0.039, respectively, were obtained for the control pigeons and of 
24 dt.2.4 and 0.67 ± 0.038 for those subjected to estrogen (endogenous and 
administered) treatment. The slight decrease found for the non-protein 
nitrogen is probably not significant; the slight increase in ester phosphorus 
may or may not be significant. 

The average values for the non-ultrafiltrable inorganic and protein phos- 
phorus content of the plasma of the control pigeons were found to be 0.8 
mg., and for lipid phosphorus 21 mg. per 100 ml. of plasma. I'alues as 
high as 11, 40, and 75 mg. per 100 ml. of plasma for the non-ultrafiltrable 
inorganic, protein, and lipid phosphorus, respectively, were obtained for the 
estrogen-treated pigeons. The changes in the distribution of these phos- 
phorus fractions, as influenced by estrogens, are summarized in Table III. 
While lipid phosphorus accounts for 93 per cent of the non-ultrafiltrable 
phosphorus in the plasmas of the control pigeons, it accounts for only 56 
per cent (average value for 97 pigeons) of the estrogen-induced increase in 
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non-ultrafiltrable phosphonis; protein phosphorus (serum ntellin) is re- 
sponsible for 36 per cent, and colloidal (non-ultrafiltrable inorganic) phos- 
phorus for the remaining 8 per cent. 

The a%’'erage value for the non-ultrafiltrable calcium content of the 
plasma of the control pigeons was found to be 4.2 mg. per 100 ml. of plasma. 
Increases of 2 to 29 mg. per 100 ml. of plasma were found during the re- 
productive cycle and of 3 to 50 mg. after the injection of estrogens. The 
augmented values are due to increments in colloidal calcium phosphate 
(1 to 19 mg. per 100 ml. of plasma) and phosphoprotein-bound calcium 
(1 to 31 mg. per 100 ml. of plasma). Fig. 5 analyzes the changes in the 
partition of the non-ultrafiltrable calcium in these estrogen-induced (endog- 
enous and administered) hypercalcemias. As the non-ultrafiltrable cal- 
cium increases, the percentage of non-ultrafiltrable calcium bound as 


Table III 

Eslrogen-Induccd Changes in Partition of Phosphonis in Pigeon Plasma 



No of 

Noo-ullrafiltrablc phosphorus* 


birds 

Total 

CoIIoidalf 

Lipid 

JPnJffifl 

Control 

Near ovulation 
Estrogen-injected 

67t 

53 

44| 

mg t<r 
m ml. 
plasma 

23.0 

52.6 

64.8 

mf. fer 

too inJ. 
plasma 

0.8 

3.0 

4.4 

mt 

mg. per 
100 ml. 
plasma 

21.4 

38.7 

43.8 

per cent 
» ef MaJ 

93.0 

73.6 

67.6 

m.pte 
100 rl 
flasna 

o.s 

10.9 

16.6 

paint 

limit 

35 

20.7 

25.6 


* Mean values. 

t Non-ultrafiltrable inorganic phosphorus, 
t Hypophysectomized and fasted pigeons omitted. 


colloidal calcium phosphate remains practically constant, hut ^ 
percentage bound to the phosphoprotein (serum vitellin) increases rapi 
whUe the percentage bound to the plasma proteins other than n o 
decreases precipitously. . 

Fig. 1 shows that the various plasma calcium and phosphorus 
which increase in pigeons during the reproductive cycle all u 
pattern pretdouslv observed by Riddle and associates for total P 
cium (35, 36) and plasma fat (37). Increased values are already e 
5 days before o-rmlation of the first o\Tim. Maximal values 
from 2.5 to 1.5 days before the oxmlation of the first ovum, «g ' 
more or less sustained until just prior to the ovulation of ^ 
at which time there is a precipitous drop, and by 5 days a cr 
oXTilation the values are again normal. ■j„rtnmv 

It is e'vident from Table I that neither fasting, parathiToi 
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hypophysectomy sigiuficantly modified the values for non-ultrafiltrable 
calcium (either colloidal or protein-bound), non-ultrafiltrable inorganic 
phosphorus, lipid phosphorus, or protein phosphorus resulting in pigeon 
plasma from the administration of estrogens. Similar results have been 
obtained by Riddle and associates for estrogen-increased total plasma cal- 
cium (22, 38) and fat (37) and for estrogen-induced endosteal bone forma- 
tion (22) in pigeons. War time conditions have prevented the authors 
from seeing copies of publications of Benoit et al. in which they apparently 
have reported that parathyroidectomy prevents (39, 40), and h 3 T)ophy- 



MG. NONULTRAFILTRABLE CALCIUM PER 100 ML. PLASMA 


Fig 5 Analysis of the partitions of non-ultrafiltrable calcium in pigeon plasma on 
a percentage basis Each point represents the average of ten to twenty-nine deter- 
minations. 

sectomy reduces by one-half (41), the increase in blood calcium in drakes 
caused by the injection of estradiol propionate. 

It can also be seen from Table I that in normal pigeons neither the 
androgen, androstenedione, nor the therapeutic agents (A. T. 10 -f- calcium 
gluconate, or alumina gel) used to maintain life in parathjToidectomized 
pigeons significantly alteied anj"^ of the components studied. Supple- 
mentary data confirming this fact are given in Table r\'. Tfie decrease in 
calcium and the inciease in inorganic phosphorus found in para- 
thj'roidectomized pigeons are, however, partially reversed bj' the 
administration of alumina gel or of dihydrotachj'sterol (A. T. 10) and 
calcium gluconate. 
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Table TV 

Effect of Daily Adminislralion of Androstenedione, Alumina Oel, and A. T. 10 Plus 
Calcium Gluconate on Calcium, Phosphorus, and Nitrogen Components of Pigeon 

Plasma 

The results are given in mg. per 100 ml. of plasma. 


Daily treatment 

Days* 

treated 

No. of 
birds 

Total 

cal- 

cium 

None 


21 

10.5 

3 mg. androstenedi- 




one 

2 

3 

10.2 


6 

3 

10.1 


15 

3 

10.2 

1 gm. alumina gel 

12 

3 

10.4 

19 

3 

10.3 

0.125 mg. A. T.'lO + 
0.2 gm. Ca (as glu- 



11.1 

conate) 

2 

3 


12 

5 

10.8 


15 

3 

10.7 


19 

5 

10.2 

1 gm. alumina gel — 

It 

8 

4.7 

4 

4 

7.5 


6 

4 

8.4 


13 

8 

9.7 


16-28 

4 

9.4 


Phospborus 

Inor- 

ganic 

Lipid 

Pro. 

tela 

5.6 

20.4 

0.7 

5.1 

22.6 

0.5 

4.8 

19.3 

0.4 

4.5 

20.9 

0.6 

5.2 

22.4 

0.7 

4.6 

20.4 

0.5 

5.3 

21.6 

0.7 

3.9 



4.6 

21.3 

0.7 

4.3 

18.1 

0.7 

8.5 

19.5 

0.6 

6.4 

23.0 

0.7 

4.5 

23.8 

0.6 

5.3 

21.5 

0.6 

6.0 

22.5 

0.6 


Pigeons 


Normal 


Parathyroid- 

eotomized 


Prolela 

fta 


30S 

379 

360 

378 

3SS 

376 


114 

414 

354 

465 

400 

478 

3S0 

403 


* Samples of 3 to 4 ml. of blood were taken from 
to four times during the course of the experiment, 
■f Day after operation. 


DISCUSSION _ 

Chargaff (42) has show-ii that the vitellin of egg yolk of 

complex containing about 18 per cent ® ourring in 

•which is essentially the same as that of the phosp a i commi'ii®"*" 
yolk in the free state. Laskowski has been unable betw een 

free from phospholipid.® Calculation of the coire a ion oomponen'® 

lipid and protein phosphorus for the 105 birds m u i 
•vs'ere increased by endogenous or admimstered between protein 

r = 0.630 ± 0.060. This correlation might inchcate u j.gi,ardcd ss a 
phosphorus and part of the phospholipid, ^ protein pl>o=' 

consequence of the simultaneous increase o o (estrogen). 

phorus under the influence of the same proi^ra . (conibinin? 

Benjamin and Hess (43) developed an analjji^ P^^^^ p,a,nia 
rdtramtration and adsorption with barium sulfate) to 
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calcium into at least four fractions: filtrable ionic calcium, a filtrbble ad- 
Sorbable calcium-phosphorus complex, an unknown non-filtrable adsorbable 
complex, and protein-bound (non-filtrable-non-adsorbable) calcium. Their 
procedure has been -widely used by others, but the possibility that protein 
also is adsorbed has apparently been neglected. Data obtained on pigeon 
plasma with their procedure are given in Table V ; adsorbed serum vitellin 
and phospholipid, in addition to adsorbed calcium and inorganic phos- 
phorus, were measured. The results show that, as was found by Benjamin 
and Hess (43), part of both ultrafiltrable and non-ultrafiltrable calcium 


Table V 

Comparison of Total and Banum Sulfate-Adsorbed Calcium and Phosphorus Fractions 

in Plasma of Pigeons 


Fraction 

Control pigeons* 

Pigeons with 
hypercalcemiat 


mi Per 100 
ml plasma] 

per cent 

mg. Per 100 

Per cent 


adsorbed . 

ml plasma 

adsorbed 

Total ultrafiltrable inorganic phosphorus 

3.3 


3.2 


Adsorbed “ “ “ 

2.6 

79 

2.5 

78 

Total non-ultrafiltrable “ “ j 

0.7 


5.3 


Adsorbed “ “ “ 

0.2 

29 

1.8 

34 

Total lipid phosphorus 

17.9 


42.3 


Adsorbed lipid phosphorus 

0.3 

2 

2.0 

5 

Total protein phosphorus 

0.5 


18.9 


Adsorbed <• « 

0.2 

40 

3.5 

19 

Total ultrafiltrable calcium 

6.1 


6.1 


Adsorbed “ “ 

3.4 

56 

3.2 

52 

Total non-ultrafiltrable calcium 

3.9 


27.5 


Adsorbed “ “ 

1.9 

49 

6.7 

24 

Total non-ultrafiltrable-non-colloidal calcium 

2.5 


17.3 


Adsorbed “ “ 

1 5 

60 

3.2 

19 


* Average for eleven individuals, 
t Average for twenty individuals. 


and inorganic phosphorus is adsorbed by barium sulfate; but part of the 
phosphoprotein also is adsorbed. It is therefore impossible to distinguish, 
by the procedure of Benjamin and Hess, protein-bound calcium from the 
non-filtrable adsorbable complex. The results obtained in Table V are in 
better agreement -with the -view that there is a partial adsorption of all of 
the non-ultrafiltrable calcium fractions rather than a complete adsorption 
of one or more specific fractions. 

Riddle (44) in 1927 noted the probability that the ovanan hormone, 
which is responsible for the cyclic growth of the oviduct, is also responsiWe 
for the increased plasma calcium, phosphorus, and fat found during the 
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egg-production cycle of pigeons. Almost all of the data published siacc 
that time have pointed to estrogens as the provocative agent for increase 
in these constituents in the blood of oviparous vertebrates during the repro- 
ductive cycle. The data presented here show that all of the changes in the 
partition of the various calcium, phosphorus, and lutrogen fractions which 
occur in the plasma of female pigeons at or near egg production can be 
duplicated by the injection of estrogens; and estrogens are effective in 
mature and immature, normal, parathyroidectomized, and hypophysec- 
tomized pigeons of both sexes. 


StJMMABY 


Changes in the partition of the various calcium, phosphorus, and nitrogen 
components of plasma have been studied (a) in female pigeons during the 
reproductive cycle and (b) in male and female, immature and mature, 
normal, fasted, parathyroidectomized, and hypophysectonuzed pigeons 
injected with estrogens. 

No significant differences occur in either ultrafiltrable calcium, ultra- 
filtrable inorganic phosphorus, or non-protein nitrogen during fhe 
reproductive cycle or after the injection of estrogens. 

Non-ultrafiltrable calcium, non-ultrafiltrable inorganic phogrhorus, 
lipid phosphorus, and protein phosphorus increase markedly from 4 das^s 
before the ovulation of the first egg until 2 days after the ovulation of t le 
second (last) egg. Similar, and even greater, increases result from t o 
administration of estrogens in fasted, parathyroidectomized, hypophyscc o 
mized, and normal pigeons. Small increases in the plasma protein mtrogcn 
were noted under these conditions. 

A direct relationship (r = 0.955 ± 0.009) was found between no^ 
ultrafiltrable calcium and non-ultrafiltrable inorganic phosp 
plasmas of estrogen-treated (endogenous and administered) 
non-ultrafiltrable inoigaiuc phosphorus is probably a colloida o 
calcium phosphate. . 

A direct relationship (r = 0.969 ± 0.006) was also noted ® 
ultrafiltrable-non-colloidal calcium and protein phosphorus m pigw> 
hypercalcemia due to reproduction or to injected estrogen. 

The calcium-combining capacity of the phosphoprotein, seru 
is 8 to 9 times greater than that of other plasma proteins. 

Increments in both colloidal calcium phosphate an 
calcium account for the increased non-ultrafiltrabic ca cram ^ 35 

reproduction and after estrogen injection. In 72 con ™ calcii® 
per cent of the non-ultrafiltrable calcium occurred as 
phosphate, 12 per cent was bound to vdtellin, and 52 per ® , /(.jjdoj. 

to plasma proteins other than viteUin. In 102 estrogen 
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enous and administered) pigeons, however, 37 per cent of non-ultrafiltrable 
calcium was in the form of colloidal calcium phosphate, only 8 per cent was 
hound to plasma proteins other than \'itellin, and 55 per cent was bound to 
serum vitellin. 

Barium sulfate partially adsorbs both colloidal calcium phosphate and 
phosphoprotein-bound calcium; it does not separate satisfactorily the vari- 
ous non-ultrafiltrable calcium fractions. 

Androstenedione (an androgen) had no significant effect on any of the 
calcium, phosphorus, and nitrogen components studied. 

Addendum — After this manuscript was completed the authors had opportunity to 
see a manuscript (soon to be published) by Dr. Walter Fleischmann and Dr. Use A. 
Fried. These workers found that the injection of estradiol dipropionate into normal 
immature chicks of both sexes results in large parallel increases in serum calcium, 
inorganic phosphorus, lipid phosphorus, and protein phosphorus (serum vitellin). 
Moreover, when they injected thyroxine and estradiol dipropionate simultaneously 
into normal chicks no increase in these blood constituents resulted, although the 
weight of the oviduct was still increased. Thej' suggest that thyroxine prevents the 
estrogen-induced increase in serum calcium indirectly either by inhibiting the forma- 
tion of, or causing the destruction of the organic phosphorus compounds necessary 
to bind the augmented calcium. 
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The specific gravity of serum has been shown to be a reliable index of 
serum protein concentration (1, 2). The methods which appear to be 
best suited for the rapid determination of serum specific gravity are the 
falling drop method of Barbour and Hamilton (3), the copper sulfate 
procedure of Phillips el al. (4), and the gradient tube method of Linder- 
str0m-Lang. Although the use of the gradient tube for very precise 
specific gravity measurements has been carefully described (5), there have 
been but brief references to the adaptation of this method to the rapid 
measurement of serum or plasma specific gravity (6-8). 

The simplicity, convenience, speed, and accuracy of the gradient tube 
method recommend it not only for routine hospital use and experimental 
purposes, but the method has been found to be almost ideally suited for 
large scale population studies of protein nutrition. For such survey w'ork 
the fact that only 2 or 3 c.mm. of serum are required is particularly ad- 
vantageous. It appears, therefore, desirable to describe the method more 
fully, and to give the results of 240 comparisons of serum protein values 
determined by the gradient tube with the protein concentrations cal- 
culated from the total nitrogen (Kjeldahl). 

Details of collecting serum from the finger and comparisons between 
serum protein values obtained from finger, ear, and venous blood will be 
given, and the effects of storage, etc., will be discussed. 

Method 

Principle — By the use of mixtures of different proportions of a heavy 
and a light organic liquid, a linear density gradient is established in a 
graduated cylinder. Droplets of serum, 2 to 4 c.mm. in size, are allowed to 
fall into this gradient, and they come to rest upon reaching a point having a 
density exactly equal to their o^\’n. The density, and hence the protein 
concentration, are calculated graphicallj'^ by interpolation from the position 
of droplets of salt solutions of known density. To prevent disturbances of 
the gradient tube by convection currents, the cylinder is installed in 
a jar of water. 
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Materials — 

1. Gradient lube and water jacket (Fig. 1), a special 500 ml. graduated 
cylinder (A) fitted inside a larger cylinder (B). (This may be obtained 
from Eimer and Amend, New York, or may be easily constructed in the 
laboratorj^ from readily available material; see Lowry and Hastings (7).) 

2. Gradient Solution A, 100 ml. of bromobenzene (sp. gr. 1.49), technical 
grade, plus 150 ml. of kerosene (sp. gr. 0.80); white kerosene is preferable, 
although special purity is not required. If the specific gravity is not 
1.07 ± 0.005 (urinometer), adjust to 1.07 vdth a little bromobenzene or 
kerosene. 




Fifi. 1. Gradient tube for determination of serum protein concentration. 
"raduated cylinder; B, water jacket; C, constriction pipette; D, E, and F, cons 
tions; G, copper wire stirrer; H, insertion of droplets; J and K, piccne eons 


blood-collecting tubes. 


3. Gradient Sohition B, 70 ml. of bromobenzene plus 180 ml. of hcrose 

Adjust, if necessary, to a specific gravity of 0.99 ± 0.005. ^ 

4. Jacket sohdion, 0.2 pet cent copper sulfate in 0.1 per cent su 

to fill the space between the two cylinders above. (The copper su 


prevents molds and absorbs radiant heat.) 1 1 . T inder- 

5. Constriction pipettes (Fig. 1, C), similar to those describe 1 

.str0m-Lang (5) but adapted to deliver 2 droplets instead o . 
strictions differ in size, the upper one, D, being a little f, 

middle one, E, which is in turn larger than the bottom cons 
(These are obtainable from Eimer and Amend, New York, 

stnicted in the laboratorj' with a little practice, by the use o 
needle (size 22 to 25) as a micro burner to make the cons nc 

6. Stirrer, a wire spiral made from heavy copper vire, 

(Fig. 1, G) (suggested by Dr. A. JI. Butler). 
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7. Blood-coUecling lubes, melting point capillaries, H, of 1.5 to 2.0 mm. 
outer diameter, 7 to 10 cm. long, open at both ends, for collecting blood 
(e.g. No. 34500 of the ICimble Glass Company, Vineland, New Jersey). 

8. Piccne cement for sealing the capillaries.* 

9. Fine sea sand for removing droplets from the gradient tube. 

10. Specific gravity standards.^ 250 gm. of c.p. K 2 SO 4 are dried over- 

night at 100-110°. 17.64, 23.08, 28.53, 34.04, 39.58, and 45.10 gm. amounts 
are weighed out (tolerance, 0.05 gm.) and each sample is diluted to 1 liter 
to give six standard solutions of specific gravity, 1.0141, 1.0184, 1.0227, 
1.0270, 1.0313, and 1.0356, which are equivalent to serum protein con- 
centrations of 2.5, 4.0, 5.5, 7.0, 8.5, and 10.0 per cent, respectively. These 
specific gravities are calculated relative to water at the same temperature. 
These standards will keep indefinitely if protected from mold and evapo- 
ration by storing in rubber-stoppered bottles in the ice box. For wortog 
standards, 5 or 10 ml. rubber-stoppered bottles or tubes are filled ivith these 
solutions. Every week or two the small vessels should be emptied and re- 
filled from the large samples in the refrigerator. . 1 ^ +v. 

Preparation of Gradient Tube— The graduated cylinder is filled to the 
middle graduation with Solution A, and on top of this Solution is 
fully layered to the upper graduation. This may be accomplished y 
filtering Solution B into the cylinder, arranging the funnel so that 
solution runs down the cyUnder wall. The space between the two cyl- 
inders is filled with the dilute acid copper sulfate. _ 

The density gradient is now established by partially mixing t e 
layers with the copper spiral, (7, in the following manner. 
uniform velocity are made with the spiral between positions or • 

above and below the middle graduation until the schlieren e ec s 
ances in transmitted light due to differences in ref 1 action) are o 
the same magnitude throughout the inteiA'al. The stro _ 

ened by steps of 6 or 8 cm. until they reach the full length of the • 

At each step, mixing is continued until the schlieren effects are of the 
same magnitude throughout the interval. It will pei laps e surp 
find how much stirring this requires. The usual mistake is to stir too 
little rather than too much. After 5 or 10 minutes, •‘oP ® ® ° which 
the standard solutions are put into the cylinder an t m posi 10 ns 
the droplets stop are noted. The total interval etween e , . ^ 

the heaviest standard should be one-half to one-fourth of the gr^du^cd 
length. The standard droplets should be nearly 
per cent). If the droplets are too close together, rnore u c 
should be made. If the gradient does not approximate Imean j , 

‘ Pyseal, Eimer .and Amend, New York, or Plicene, Central Scientific Comp.mj , 

Boston. j . 

* These may be obtained ready made from Eimcr an . me 
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venous samples were obtained from a large blood specimen, part of which 
was centrifuged as a large sample and part of which was transferred to 
capillary tubes for centrifugation. It would appear that centrifuging in 
capillary tubes does not change the specific gravity and that capillary blood 
and venous blood yield identical serum protein values within 0.1 gm. per 
cent. Furthermore, squeezing is without influence on the result obtained. 
This suggests that the well known influence of squeezing on hematocrit 
values is due to dilution \vith serum rather than to dilution vdth tissue 
extracellular fluid of lower protein concentration. Except perhaps in the 
case of Finger Puncture 2, the first sample agrees with the rest. Never- 
theless, it would seem desirable in general to discard the first droplet as is 
done in taking blood for enumeration of red cells. 

Effect of Storage — As ndth larger samples, the storage of whole blood in 
capillary tubes eventually changes the serum protein concentration (Table 
II). As might be anticipated, the changes occur more rapidly at room 


Table II 

Effect of Storaye of Whole Blood in Capillary Tubes on Serum Protein Values 





Time stored 



Temperature 

0 hr. j 

2 hrs. j 

6.5 hrs. ^ 

1 25 hrs. 1 

1 48 hrs. 



Protein concentration, gm. per cent 


•c. 

30 

6.83 

6.93 

6.90 

1 

7.30 

7.52 

4 

6.83 

6.89 

6.88 

6.87 

6.91 


temperature than at 4°. At the lower temperature there was little change 
in 48 hours. At 30° there was no significant change in 6 hours, but a def- 
inite increase in serum density occurred vithin 25 hours. This change is 
presumably the consequence of the swelling of red cells with attendant 
concentration of the serum, resulting from glycolysis. 

Correlalion with Kjeldahl Determination — In 240 individuals without 
obvious liver damage^ there was foimd to be a standard deviation of 0.24 
gm. per cent between serum protein values obtained with the gradient 
tube and those calculated from the total nitrogen (Kjeldahl). This cor- 
relation was obtained with the formula, per cent protein = 348 (sp. gr. 
1.0069). This formula was employed since it gave slightlj' better cor- 
relation with the Kjeldahl values than either the formula of Moore and 

* Cases with liver damage have been omitted because in many instances the gra- 
dient tube gave distinctly lower values (average 0.2 per cent) than were obtained by 
Kjeldahl determination. One of the authors (T. H. H.) will elaborate on this finding 
elsewhere. 
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Van Slyke (1) (protein = 343 (sp. gr. 1.007)), or that of Wecch, Eecves, 
and Goettsch (2) (protein = 347.9 (sp. gr. 1.00726))- TJiese latter for- 
mulae give serum protein values approximatelyO.lgiti- per cent lower than 
the formula we have used. 

Table III shows the correlation of serum protein concentrations ob- 
tained vdth the gradient tube with the values calculated from the total 
nitrogen. These 240 serum samples were obtained from patients with s 
variety of diseases. The protein concentrations varied from 3.5 to 13.5 
gm. per cent. Many sera with abnormal albumin to globuUn ratios are 
represented. It will be seen that only 5 per cent of the values obtained by 
the Kjeldahl procedure and the gradient tube deviate by more than ±0,4 
gm. per cent. Looney (9) failed to obtain a high degree of correlation 
between serum specific gravity and serum protein concentration, but un- 
fortunately his serum protein values are based on a turbidimetric pro- 
cedure. 


Table III 

Correlalion oj Scram Protein Values Delemined with Gradient 7^ wi'ib fiAV. 
Deterruined by Kjeldahl Analysis in S40 Normal and Paihologitol Sera 


Beviatioo betrreea methods, sm. %. 

±0.0 

±0.1 

±0.2 

±0.1 

±0 .t 

±0.5 

±0.6 

i0,T 

% of determinations with given de- 




M 

s 

i 


1 

viation 

Cumulative % of determinations de- 

16 

37 

20 

■ 

2 




viating more than this given devia- 



1 





' 0 

tion ' , . 

! ^ 

j 47 

27 

D 

6 

3 



DISCUSSION 


and 


From the foregoing it should be possible to assess the sd\an 
disadvantages of the gradient tube for the determination of serum pr 
The advantages appear to lie in the smallness of the samp e 
speed of analysis, the freedom from influence of 
drop, and the lack of necessity for accurate timing. The u < ^ 

(4) requires several hundred c.mm.,* the falling drop loot o ^ 

• We have observed a discrepancy between the specific swip'd 

gradient tube and by the copper sulfate method. Tor ten 
both ways the copper sulfate method gave specific gravity pycnomd" tb' 

of 0.0016 (standard delation 0.0003), In comparison wit about 00CO5, 

gradient tube appears to yield specific gravity values too appear to 

whereas in our hands the copper sulfate method gives values aiifc 

light by about 0.0010. Recently (10) a new formula has been >n ini. 

the copper sulfate method which brings results by the two protri'' ' 

agreement (per cent protein = 360 (sp. gr. 1.007) instead of pe 
(sp. gr. 1.007)). 


h 

!« 

S(5 
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whereas for the gradient tube only 2 to 3 c.mm. are required. Indeed, if 
desirable, as little as 0.5 c.nun. in a smaller pipette ^vill suflBce. 

Approximately one determination in duplicate per minute may be made 
with the gradient tube. This is somewhat faster than mth any other 
specific gravity method. The freedom from dependence upon temperature, 
size of drop, and accurate timing is shared by both the gradient tube and 
CuSOi methods in contrast with the falling drop procedure. Perhaps 
these have been the chief disadvantages of the falling drop method. 

The gradient tube shares in common wth all.other serum protein methods 
that are based on measurements of specific gravity the disadvantage that 
serum constituents other than protein infiuence serum density. Although 
this point mil be discussed more fully in a subsequent paper, it may be 
noted that in order to infiuence the apparent serum protein concentration 
by as much as 0.1 gm. per cent it would be necessary to double the normal 
concentration of either the serum lipids, the blood glucose, or the non-pro- 
tein nitrogen. Cholesterol is almost wthout effect, since its specific 
gravity is close to that of serum. With high serum lipid concentrations an 
error is encountered if the droplets are not read promptl 3 ' at 4 minutes, 
since the droplets will fall further with time, presumably due to an ab- 
sorption of bromobenzene. The data presented in this paper may be 
taken to indicate that it is rare for any of these factors to affect seriously 
the results obtained. 

The gradient tube method has received extensive trial in the laboratories 
from which this report originates. To date approximately 5000 protein 
determinations have been made on sera, from clinical patients (2500), 
small laboratory animals (1000), and subjects of nutritional suiveys (1500). 
The method has continued to give satisfaction throughout. 

Use of Gradient Tube for Determination of Hemoglobin — The specific 
gravity of whole blood has been shown to be an accurate measure of its 
hemoglobin content, particularly if the serum specific gravitj’ is also 
kno^vn (Phillips et al. (4)). The gradient tube has proved to be very con- 
venient for this purpose and has been especiallj’’ valuable in field studies 
when a colorimeter was not available. Onl^' 4 or 5 c.mm. of blood are 
required for a duphcate determination. In the field, a cj'linder (100 or 
250 ml.) maj'^ be used without a water jacket, to save space. The only 
changes necessary are in the specific gravity range of the column and in 
the density standards. The lighter organic mixture is G9.5 volumes per 
cent kerosene, 30.5 per cent bromobenzene (sp. gr. 1.010); the heavier 
mixture is 55.0 per cent kerosene, 45.0 per cent bromobenzene (sp. gr. 
1.110). The standards contain 57.13, 70.22, 83.49, and 96.86 gm. of K:S 04 
per liter with a specific gravity of 1.0450, 1.0550, 1.0650, and 1.0750. 
When needed for very low hemoglobin values, the hea^dest serum protein 
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standard (1.0356) may also be used. The gradient is produced and used 
exactly as described for serum protein. For simplicity, blood is drara 
from the finger into a capillary tube (see above) having a small rubber 
bulb on one end. This rubber bulb is the type used for vaccination 
purposes and is perforated at both ends. The second perforation allows 
blood to enter the tube by capillarity, but on closure of this hole with 
the finger and squeezing the bulb, 2 droplets of blood may be delivered 
directly into the gradient tube. That the 2 droplets rvill seldom be of the 
same size is immaterial. The blood must, of course, flow freely from the 
finger noth little or no squeezing. Calculation of the hemoglobin concen- 
tration is made from the nomogram of Phillips ci al. (4). 


SUMMARY 

1. A density gradient tube suitable for the rapid determination of the 
specific gravity of 2 to 3 c,mm. of serum is described and directions given 
for its use. 

2. The collection of a small amount of serum from the finger or ear for 
use in the gradient tube is described. 

3. Comparison is made between serum protein concentration in serum 

from the vein, finger, and ear, and the influence of storage on the results 
obtained is shown. . . , 

4. In 240 individuals Avithout liver damage serum protein values obtainc 

with the gradient tube are correlated rvith those calculated from to a 
nitrogen determinations. In individuals without liver damage, a sto a 
deviation of 0.24 gm. per cent has been found between results by t e «■ 
methods. 

5. The use of the gradient tube for measuring blood hemoglo m c 
centration is described. 
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FROM RAT LIVER GLYCOGEN* 
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(From the Department of Physiology, University of Minnesota, Minneapolis) 

(Received for publication, April 2, 1945) 

The fixation of carbon dioxide in rat liver glycogen in vivo was first 
demonstrated by Solomon et al. (1). When radioactive sodium bicarbonate 
was injected intraperitoneally and lactate or glucose (2) was given bi' stom- 
ach tube to fasted rats, labeled carbon appeared in the liver glycogen. 

Solomon et al. (1) proposed that the fixation Reaction 1 plays an impor- 
tant part in glycogen synthesis by providing a means for circumventing the 
only irreversible reaction in glycolysis; i.e., the conversion of phospho- 
pyruvic acid to pyruvic acid (3). The mechanism of this circumvention is 
represented empirically by the following steps : 

(1) CH,-CO-COOH + C*02 s? C*OOH-CH,-CO-COOH 

(2) C*OOH CHs-CO-COOH to C*OOH-CH;CH-COOH 

(3) C‘OOH-CH;CH-COOH -► CH,:C(OPOjHs)-C*OOH + CO, 

or 

CH2:C(OPO,H,)-COOH + C'Oj 

The two types of phosphopyruvic acid of Reaction 3 vith respect to labeled 
carbon (C*) are a consequence of the sirmmetrical nature of the dicarboxj'lic 
acid formed in Reaction 2. The remainder of the path to gl^'cogen, Dia- 
gram 1, is viewed as the reversal of the current schemes of glycolj'sis in- 
volving combination of 2 molecules of phosphopj^ruYac acid, with an aA-erage 
of 1 out of 2 molecules possessing the fixed carbon as found in Reaction 3. 
The resulting glycogen should, therefore, contain 1 atom in 6 or 1G.7 per 
cent of fixed carbon. Bj’" making certain assmnptions, Solomon ct al. (1) 
calculated for their experiments that the value of 16.7 per cent for fixed 
carbon in the glycogen was approached, but not significantlj' e.xceeded 
(except perhaps in one experiment in which the result was 20 per cent). 

The current schemes for glycolysis prordde (see Diagram 1) that the even- 
tual combination of the 2 molecules of phosphopyrumc acid occurs at then- 
carboxyl groups. If this is the case, the resulting 6-carbon chain should 
contain the fixed carbon entirely in positions 3 and 4, and the fi,xed carbon 
should, moreover, be equally distributed between these positions. 

* Aided by grants from the National Foundation for Infantile Paralysis, Inc., 
and the Rockefeller Foundation, Research in Biologj- and Medicine. 
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The purpose of the present investigation has been, therefore, to deter- 
mine whether or not the actual location of the fixed carbon in the glucose 
from liver glycogen is in agreement -with these theoretical expectations. 

Methods 

The procedure as related to treatment of the animals was, nith certain 
modifications, similar to that of Vennesland el al. (2). White rats weighing 

Diagram 1 

Mechani&m of Synthesis of Glycogen from Phosphopyruvale 

CHi:C(OPO,Hi)-C*OOH CHsOH-CH(OPO,H,)-C*OOH 
Phosphopyruvatef Z-Phosphogjycerate 

CHs(OPO,H,)-CHOH.C*OOH CHs{£)PO,Hs)-CHOH*C*O(0P0,Hj) 
3-Pho9phoglycerate 1,3-Diphosphoglycerate 

t? CHj(OPO,Hj)-CHOH-C*HO CH,(OPO,Hj).CO-C*H,OH 
3-Phoaphoglyceraldehyde Dihydroxyacetone phosphate 

CHjtOPOiH,) • COH- C*HOH- C*HOH- CH* CHj(OPO,H>) 

I Q 1 

Hexoae diphosphate 

CH,OH- COH- C»HOH-C*HOH- CH- CH.(OPO,Hs) 

< Q r 

Fructose-6-pho3phate 

CHOH- CHOH- C*HOH- C*HOH- CH- CHjCOPOjH,) 


Glucose-6-phosphate 

CH(OPO,H,)-CHOH-C‘HOH-C*HOH-CH-CH,OH glycojen 

1 Q 

Glucose-I-phospbate 

t Phosphopyruvate is presumed to be provided by Reaotioa 3 in the text 

200 to 340 gm., fasted 48 hours, were fed by stomach tube 600 mg- 
per 100 gm. of body weight in either 20 or 30 per cent solution. ^ ^ 
of the animals were clipped prior to feeding. A total of a 
0.35 M NaHC«Oj per 100 gm. of body weight was occur- 

in seven nearly equal portions at § hour intervals, the first j 

ring immediately after the glucose administration. iniecti®^' 

3^ hours after the feeding (| hour after the last bicar 
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100 mg. of sodium amytal per 100 gm. of body weight were given 
intraperitoneally. Additional anesthetic was sometimes necessary because 
of the large amounts of fluid already present in the peritoneal cavity. 
When the anesthetic had taken effect, the peritoneal cavity was opened and 
the excess fluid contained therein was soaked up in weighed absorbent cot- 
ton sponges and held for analysis. The livers were extirpated and 
immediately placed in hot 30 per cent KOH. The glycogen was isolated 
and hydrolyzed to glucose. 

In the later portions of the experimental period the rats appeared ab- 
normally apathetic and their abdomens and flanks were markedly distended 
with fluid. The relatively massive doses of more than twice isotonic 
NaHCOa solution were used to achieve a sufficient heavy carbon content 
in the liver glycogen. 

In two experiments the respiratory carbon dioxide was collected and its 
C“ content determined. The rat was placed in a wire mesh cage in a desic- 
cator fitted with 2 n NaOH in an evaporating dish, calcium chloride, and 
a source of oxygen. The recovery of the total respiratory COj was not 
quantitative, but was representative of the period of collection. 

The position of the heavy carbon in the glucose was determined by two 
different t3q)es of degradation. 

Bacterial Degradation of Glucose — The C“ glucose, which was isolated 
from the rat liver, was fermented to lactic acid with Lactobacillus casei. 
The lactate was then oxidized with KMnOi to acetaldehyde and COj; and 
the aldehyde was further degraded to iodoform and formic acid (4). 

(4) CHOH-CHOH-C*HOH-C*HOH-CH-CHsOH -» 2CHj-CHOH-C*OOH 

l( 2 3 4 si 6 

(5) CH,. CHOH- C*OOH > CH,- CHO + C*0. 

3,4 

(6) CH,-CHO CHI, + HCOOH 

1,6 2,5 

Chemical Degradation of Methyl Glucoside — ^The glucose was converted to 
methyl glucoside and oxidized with periodic acid at room temperature; 
carbon atom 3 is split out as formic acid (5) (first oxidation). 

CH (OCH,) ■ CHOH . C'HOH • C*HOH • CH- CH,OH -♦ 


CH(OCH,)-CHO C*HO-CH-CH,OH + HC'OOH 
I ! 3 


<y 



478 


FIXED CARBON IN GLUCOSE 


The formic acid was removed and recovered as CO. by oxidation nitli 
HgO (6), after which periodic acid was added to the remaining dialdehyde 
and the mixture was steam-distilled. At boiling temperature the glucosidic 
linkage of the dialdehyde is probably broken and the two resulting 
aldehydes are oxidized by the periodic acid (second oxidation). The prin- 
cipal products are formic acid, methyl alcohol, and formaldehyde, the latter 
arising from carbon atom 6, since it is known (7) that periodic acid converts 
the — CHsOH groups of polyhydroxy compounds to formaldehyde. 

CH(OCH,)-CHO C*HO-CH-CH.OH-» 

( 8 ) 1 

I Q. 


CHO-CHO + C’HO-CHOH-CHjOH -f CH,OH 

3HCOOH + HC*OOH + HCHO + CH.OK 
1 , 2,5 t 6 

Details of the two methods are presented below. 

Isolation of Glycogen — The glycogen isolation was carried out by the 
method of Good, Kramer, and Somogyi (8) with two alcoholic precipita- 
tions. The glycogen from each liver was hydrolyzed in 2 ml. of I n HjSOj 
for 2| to 3 hours in a boiling water bath, and determined as glucose-reducing 
equivalent by the Shaffer-Hartmann method. As indicated in Table I, the 
total carbon of the sample was grossly higher than that calculated from the 
glucose value; impurities were therefore present in the isolated glycogen. 

Bacterial Degradation of Glucose — ^The fermentations were conducted mt ^ 
a suspension of Lactobacillus casei, which was centrifuged from a 3 ») 
growth at 37° in glucose 1 per cent and Bacto-yeast extract 0.5 per een ■ 
The cells were washed three times xvith 20 volumes of distilled water. ® 
fermentation was carried out under CO 2 and at 37° in n 
respirometer ivith 150 ml, flasks. The reaction mixture containe P 
cent wet bacteria, 0.06 m NaHCOj, and the glycogen hydrolysate; t le in 
volume was 30 ml. The sulfuric acid in the hydrolysate was 
neutralized ivith sodium hydroxide; the sulfate in the reaction mix um 
thus less than 0.06 m. When the fermentation was complete, ^ ju 6^ 
cessation of gas evolution, the bacteria were removed by centri uga 10 
the lactic acid was recovered by ether extraction . . jjjs. 

The following procedure was used to remove 
A continuous 24 hour extraction -nith ethyl ether was made on lo 
solution. This e.xtract was discarded and the lactic acid was ex rs 
the acidified residue. The extract was then distilled with steam 
volatile compounds. The lactic acid, which reraamed m 
distillation, was then oxidized with permanganate ® gfaldehydc 

was collected in bisulfite, the carbon dioxide in alkali. 
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was further degraded by the iodoform reaction (4) . The data are presented 
in Table II. 

Preparation of Methyl Glucoside — ^The hydrolysate, containing 100 to 200 
mg. of glucose, was. neutralized to phenolphthalein with Ba(OH)2 and was 
centrifuged, filtered, and evaporated to a thick syrup in a small beaker, in a 
vacuum desiccator at room temperature. The sugar was then transferred, 
with a total of about 5 ml. of water, to a 1.5 X 15 cm. P3T:ex test-tube, and 
the drying continued. When completely dried, the material formed a 
brittle, foamy looking mass which was suitable for subsequent treatment. 

Methylation was carried out in the test-tube according to the method of 
Fischer (10). To the dry residue, 2 ml. of anhydrous methanol-HCl (0.25 
per cent HCl) were added and the mixture was refluxed for 30 to 45 minutes 
■\vith frequent shaking. The test-tube was then sealed and placed in an 
oven at 100° for SO hours. Following this, charcoal was added. The mix- 
ture was shaken briefly, permitted to stand for f hour, and was then filtered 
into a small weighed flask, with repeated methanol washing of the filter. 
Concentration to a thick syrup was carried out in an air bath at 60-70° 
under a current of air. The flask was seeded with a minute crystal of 
methyl glucoside and was rotated in an ice water bath while crystallization 
was taking place, permitting the formation of a thin film of crystals on the 
walls of the container. After standing in the ice box overnight, the crystals 
were covered with ethyl ether and permitted to stand, with one change of 
ether, for 24 hours. This treatment usually removed the faint yellowish 
discoloration from the crystals. The glucoside was dried in an oven at 
about 50° and weighed. 

Yields by weight of about 75 per cent of theoretical were obtained by this 
method. 

The copper-reducing power of the final product corresponded to a glucose 
content of 1 to 2 per cent, as judged by the result of control syntheses vith 
pure glucose. 

Chemical Degradation of Methyl Glucoside — The procedure used for the 
chemical degradation was as follows. 

1 mM or less of solid methyl glucoside was oxidized for 2 hours at room 
temperature by dissolving it in 0.25 m HIO^ (free acid, not acidified salt) 
equivalent to 2 mM of HIO^ per nuUimole of glucoside. 

This reaction mixture was diluted to 20 ml., 3 gm. of HgO were added, 
and the mixture was boiled and aerated for 20 minutes. The resulting CO: 
is from the formic acid of the first oxidation (carbon 3). 

The mercury salts were removed by filtration into a steam distillation 
flask, and 25 ml. of 0.25 m HIOi were added; the total volume was now ap- 
proximately 70 ml. Steam distillation was not begun until the volume was 
reduced to 15 ml. A total of 250 ml. of distillate was collected. 
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By simultaneous oxidation and steam distillation the formaldehyde was 
removed as it vas formed; in this way secondary oxidation of the 
formaldehyde was reduced. Some COi was formed during this step; its 
source in terms of glucose carbon atoms is xmknown. Tliis fraction is 
labeled CO* in the Tables III and TV. 

20 gm. of HgO were added to the distillate, the mixture was boiled for 20 
minutes, then 2 ml. of 1.7 m HjPOi were added, and the mixture was boiled 
and aerated for 15 minutes. The resulting COj is from the formic acid of 
the second oxidation. 

The mercuric salts were removed by filtration. 25 ml. of 1 n NaOH were 
added to the filtmte, followed by 30 ml. of 0.05 n iodine. The ice-cold 
mixture was held for 10 minutes, then acidified with 0.1 ml. e.xcess of 2 X 
H:SO<, and the excess Is was titrated with 0.1 N NaiSjOj. The form- 
aldehyde is converted to formic acid by this o.xidation. 

To the above solution 20 ml. of 0.3 M mercuric acetate and 5 ml. of 1 x 
acetic acid were added, and the mixture was boiled and aerated for 20 
minutes (11). The resulting GO* is from the formic acid arising from the 
formaldehj'de of the second oxidation (carbon 6). The conversion of the 
formaldehyde to formic acid with hypoiodite and to CO* with mercnne 
acetate was considered a reliable procedure for obtaining imcontaminated 
carbon from the formaldehyde. 

The conversion of authentic formaldehyde to carbon dioxide by hy- 
poiodite oxidation followed by mercuric acetate oxidation was found to be 
quantitative. 

A number of other procedures for degradation of the jnethylatM 
dialdehyde were attempted %vith less success, for example, h 3 'dro]ysis nit 
dilute hydrochloric acid followed by orddation of the products with periodic 
acid. Refluxing with periodic acid, removal of the periodic acid as bani™ 
salt, and steam distillation of the products, formaldehyde and formic aci , 
were also tried. Bromine oxidation according to the procedure of 
and Hudson (5) was attempted xvithout success, perhaps because o ^ 
limited amount of material available. . 

Hea^T carbon was determined with the mass spectrometer.^^ T 
values are expressed as atoms per cent excess C*’; i.e., per cent C” m cx 
of the per cent of C‘* in normal (unenriched) carbon. Carbon los 
tained from c.n. bicarbonate was assigned a value of 1.09 atoms 
C'^ and was used as a standard in calibrating the mass spectromc 
calibration correction was not greater than ±0-02 atom per cwt. 
cents are calculated on the basis of the total carbon (C'- + C )■ 
contents of bicarbonate carbon, of normal animal ^jiich 

normal animal glycogen carbon isolated from 30 per 
hea\T bicarbonate was added all were found to be iden i 
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perimental error. The error may be considered to be ±0.01 atom per 
cent 

Results 

Table I summarizes the general experimental data. It is evident that 
there was rapid transfer of the bicarbonate from the peritoneal cavity and 
that the glycogen hydrolysate of the liver contained excess C*’ from the 
fixed carbon. The absorption of C“ bicarbonate was greater than the net 
absorption of bicarbonate, which indicates that there was an exchange of 
bicarbonate between the peritoneal contents and the body fluids. 


Table I 

General Experimental Data 




Bicarbonate administered 
intraperitoneally 

Absorption from peritoneal 
cavity 

Hydrolyzed glycogen 

Ex- 











peri- 

ment 

No. 

Rat 

weight 

Vol- 

ume 

Mo- 

larity 

Cl* 

Volume 

HCOi- 

Cu 

GIu- 

cose 

ToUl 
carbon as 
per cent 
of glucose 
value 

C“m 

total 

carbon 



ml. 

■ 

atoms per 
cent excess 

ml. 

Per cent 
ahsor'bei 

per cent 
ohrorbrd 

ms. 


atans 
per cent 
excess 

I 

200 

21 

0.35 

5.1 

-10.5 

51 

73 

58 

184 

0.04 

II 

340 

31.5 

0.35 

9.0 

-8.7 

51 

79 

65.5 

154 

0.07 


325 

31.5 

0.35 

9.0 

-8.7 

54 

79 

89 

III 

230 

22.4 

0.35 

5.25 




126 

117 

0.06 


240 

22.4 

0.35 

5.25 




IV 


21 

0.35 

5.25 









28 

0.35 

5.25 




287 

137 

0.038 



21 

0.35 

5.25 







V 

225 

16.8 

0.135 

5.25 

±3.9 

93 

99 

97 



VI 

255 

25.9 

0.35 

4.64 

-11.8 

61 

85 

122 




The results from the bacterial degradation of the C*’ glucose from the 
rat liver glycogen are shown in Table II, in which it will be noted that all the 
excess labeled carbon appeared in the carboxyl group of the lactate. 

The results from the chemical degradation of C” methyl glucoside are 
shown in Table IV. Excess heav'y carbon was present in the formic acid of 
the first and second oxidations, but there was none in the formaldehyde. 

DISCUSSION 

The conclusion we have drawn from these results is that all the delectable 
fixed carbon is in positions S and 4 of the glucose chain. The discussion pre- 
sents the evidence and logic by which this conclusion is reached and a con- 
sideration of the inferences of this conclusion in relation to the bio- 
chemical significance. 
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Reliabilily of Bacterial Degradation of Glucose — ^There was reasonable 
agreement in the fermentation of the hydrolyzed glycogen between the 
millimoles of glucose (determined as reducing substance) and the lactic acid 
(determined by CO 2 evolution from bicarbonate) . This fact indicates that 
the bacteria probably did not ferment non-carbohydrate impurities in the 
hydrolyzed glycogen. The aldeh 3 ^de and CO 2 were formed in equal molar 
amounts in the permanganate oxidation of the residue of steam distillation, 
an indication that lactate was probably the only compound giidng rise to 
these products. 1\Tiile the yield of iodoform and formic acid from the 
degradation of the acetaldehyde was only 55 per cent, this is similar to that 
obtained with known acetaldehyde. There is thus reason to believe that 
the bacterial degradation was specihe for sugar carbon, and reliable. 

The calculated values given in Table II for the degradation products n ere 
derived on the basis that all the excess C“ in the glucose was in positions 3 
and 4; therefore the per cent excess C’ in these two positions is assumed to 


Table II 

Baclertal Degradalion of C" Glucose from Rat Liver Glycogen 
The C‘* values are in atoms per cent excess. 


1 

Fraction 

1 

Carbon atom of glucose | 

Experiment I 

C» 

Eipcrrtnenl U 

c» 


3,4 

0.16* 

0 2S* 


2, 5 

-0.01 

0.00 


1.6 

0.00 

-0.01 


* The calculated values for the C‘’ in carbons 3 and 4 are 0,21 and 0.33 respccti'ch 


in Experiments I and 11. 

be 3 times that of the whole glucose molecule. The C*’ content of the glu 
cose was calculated from the determined value for reducing sugars on t e 
assumption that all the excess C” was in the glucose and none v as in e 
impurities of the hj'drolyzed gljmogen. In other words, the 
excess C’ were considered to be the same in the glucose as that in t c 0 
carbon of the hydrolyzed glycogen. 

The major limitation of both the bacterial and chemical degradations 
that it was not possible to make a completely accurate quantitatu e es im ^ 
of the total proportion of labeled carbon in each degradation fraction. 
limitation resulted from the error of the spectrometer (±0. } o” 

relatively low C' coneentrations to be measured. dmivzcd 

Tor example, if 10 per cent of the C» of the total carbon in the 
glycogen was in positions 2 and 5 of the glucose, the C” °pvccss C” 

bon would be raised to 0.02 per cent above the normal and c 
would be just detectable by careful analj'sis. 
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With the exception of this limitation the results of the bacterial degrada- 
tion are thought to be adequate and precise. ' 

Reliability of Chemical Degradation of Methyl Glucoside — ^Two examples 
of results from the degradation of authentic methyl glucoside, which was 
synthesized from c.p. glucose (10), are shown in Table III. It is evident 
that there is some variation from the calculated values as based on Enac- 
tions 7 and 8. 

The formic acid from the first oxidation was usually 100 per cent or 
greater than the calculated value. A low recovery, such as that shown in 
Experiment II of Table III, was the exception. The results of Jackson and 
Hudson (5) prove that it is carbon atom 3 that is spht out in this oxidation 
and the present results indicate that there is 100 per cent cleavage. 


Table III 

Degradation of Authentic Methyl Glucoside 


Fraction 

Expenmeot I 

Experiment II 

Total carbon 

Total carbon 

Determined | 

Calculated* 

Determined j 

Calculated* 


mu 1 

mu 

mu ' 

mu 

Methyl glucoside 

4 95 


4 91 


Formic acid, 1st oxidation (car- 





bon 3) 

0.77 1 

0.71 

0.&4 

0.70 

“ “ 2nd 

2 21 

2.83 

2.48 

2.81 

Formaldehyde (carbon 6) 

0.38 

0.71 

0 39 


CO 2 

0.41 


0.55 

1 


• Calculated on the basis that the degradation occurs according to Reactions 
7 and 8. 


The recovery of formaldehyde which is specific for carbon 6 (7) was some- 
what more than 50 per cent. 

The formic acid from the second oxidation is less well defined but is prob- 
ably made up largely from carbon atoms 1, 2, 4, and 5 plus some of carbon 
6. When 1.62 msi of authentic formaldehj'de were subjected to the pro- 
cedures involved in carrying out Eeaction 8, there were obtained 0.33 mM 
of formic acid and 1.29 msi of formaldehyde. Apparently part of the form- 
aldehyde was oxidized to formic acid. It, therefore, is to be expected 
that a part of the glucose carbon from position 6 n-ill be included in the 
formic acid of the second oxidation. On a 4-carbon basis the recovery' was 
approximately 80 per cent in the second oxidation. It is not known 
whether the formic acid arises in the same proportion from each of the 4 
carbon atoms. 

Methyl alcohol was not found to yield a significant quantity of formic 
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acid or formaldehyde when subjected to the degradation procedure. There 
is, therefore, no appreciable contamination from the alcohol which arises 
from hydrolysis of the glucoside. 

Table TV contains analogous data for the chemical degradation of C” 
methyl glucoside synthesized from glucose obtained from the experimental 
animals. For these samples the calculated millimoles of carbon in the 
various degradation fractions are made on the basis of Reactions 7 and 8 
and the determined total carbon in the isolated methyl glucoside ;f.e., that 
the milhmoles of methyl glucoside equal those of total carbon divided by 7. 

Comparison of the yields of oxidation products from the isolated glucoside 
with that from known methyl glucoside reveals that there were discrepan- 
cies between the two degradations. The recovery of formic acid in the 


Table IV 

Chemical Degradation of C'’ Methyl Glucoside from Rat Liver Glycogen 
The C'* values are in atoms per cent excess. 


Fraction 

Experiment III 

Experiment IV 

l' Total carbon 

I' c» 

l' Total carbon 

( C' 

1 Deter- 1 
mined ^ 

Calcu- 1 
lated 

Deter- 

mined 

Calcu- 

lated* 

Dcte^ 

mined 

Calcu- 

lated 

Deter- 

mined 

C«Im- 

Utri’ 


ptit 

PtU \ 



1 mu 

mu 

! 


Methyl glucoside 

1.49 




3.7ii 


lilliil 

ffljlljfl 

Formic acid, 1st oxidation 









(carbon 3) 

0.20 

0.21 

0.15 

0.21 

ESI 

0.53 

IjAUl 

0.156 

Formic acid, 2nd oxidation . 

0.28 

0.85 

0.05 

0.05 

i.i:! 

2.12 

0.04 


Formaldehyde (carbon 6). . 

O.OS 

0.21 

0.00 

mm 

|jKl| 

0.53 

0.00 


CO. 

0.22 


0.03 

1 

m 


0.02 




* C'* of glucose (calculated as described in the text) X (6/7). 


first oxidation and of formaldehyde was roughly in the same proportion n® 
that from authentic methyl glucoside. The formic acid from the sccon 
oxidation was considerably lower. In Experiment Hi (Table H ), ® 

deviation from the calculated millimoles is large ; in Experiment IV, in w c 
more material was used, the results were somewhat better. It is reasona 3 
certain that part of these discrepancies are due to impurities in the me 3^ 
glucoside synthesized from rat liver glycogen. The actual amoun 
methyl glucoside probably was less than indicated by the total carbon. 

For the purpose served, it is doubtful whether these impurities gw 
impaired the reliability of the degradation. This view is taken, 
bacterial fermentation substantially all the exce^ C” of the 3 r 
glycogen was accounted for fairly satisfactorily in the lactic aci - 
therefore unlikely that the non-carbohydrate impurities containe 
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preciable excess C'®. In this case inclusion of carbon from these impurities 
in a fraction of the degradation would only dilute the C*’ in the particular 
degradation product of the glucoside. Such dilution would in part account 
for the fact that the C*® of the formate of the first oxidation (Table W) was 
somewhat below the calculated value. 

The principal use of the chemical degradation of glucose was to supple- 
ment the bacterial degradation and to locate more definitely the positions of 
the labeled carbon; i.e., to determine whether the C'® was in the 1 or 3 and 
4 or 6 carbon. Although the results (Table IV) may not possess the com- 
plete quantitative significance attributable to them had the glucoside been 
pure, they do justify the statements that carbon atom S of the glucose contained 
labeled carbon (formic acid of first oxidation), that carbon atom 6 of the glucose 
did not contain labeled carbon (formaldehyde), and that there was labeled carbon 
in the glucose in some position or positions other than carbon atom S (formic 
acid of second oxidation). 

It has not been assumed, in determining the location of fixed carbon, that 
the bacterial fermentation occurs exactly as illustrated in Reaction 4. Only 
two assumptions have been made concerning the bacterial degradation; f.c., 
that the lactic acid fermentation involves a cleavage of the 6-carbon glucose 
chain into two 3-carbon fragments which appear as lactic acid, and that 
there is no rearrangement of the carbon atoms in the chain. If this is the 
case, since excess O'® was present in only one position of the lactic acid, the 
carboxyl group (Table II), not more than 1 carbon atom in each half of the 
glucose chain contained labeled carbon. However, since 8 glucose carbons 
are included in the carboxyl group of the lactic acid, it cannot be ascertained 
by bacterial degradation alone to what extent the excess heavy carbon was 
present in one or both of these glucose carbons. 

It further follows from the above assumption that positions 2 and 5 of the 
glucose chain did not contain fixed carbon, for the carbon atom of the carboxyl 
group of the lactic acid is the terminal atom of its 3-carbon chain and could 
have been derived only from positions 1 or 3 and 4 or 6 of the two halves of 
the glucose chain respectively. 

These conclusions, when taken in conjunction wdth those of the chemical 
degradation, justify the further conclusion that the labeled carbon is in posi- 
tions S and 4 of the glucose chain. There is no labeled carbon in positions 
2 and 5 (bacterial degradation). The presence of labeled carbon in atom 3 
(chemical degradation) excludes it from atom 1, since it cannot be in both 
atoms 1 and 3 (bacterial degradation). The absence of labeled carbon from 
atom 6 (chemical degradation) and the presence of labeled carbon in posi- 
tion 1, 2, 4, and 5, taken as a group (chemical degradation), require that 
labeled carbon is in position 4, since atoms 1, 2, and 5 have alreadj" been 
stated to be free of excess C'^. It may also be noted that, as nearly as can 
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be judged by the methods used, the fixed carbon is in approximately equal 
concentrations in positions 3 and 4. 

Inferences and Biochemical Significance of Results — ^The question arises as 
to the significance of these results in interpreting the mechanism of fixation 
of carbon dioxide and of synthesis of glycogen. 

It is apparent by examination of the equations in Diagram 1 that the re- 
sults are in full agreement ivith the scheme proposed by Solomon d al. This 
result, of course, does not prove that the scheme is completely correct, but 
it does add considerable iveight to the proposal. However, the same distri- 
bution of the labeled carbon would be obtained if labeled pymvate was 
formed by a reversible equilibrium involving 2- and 1-carbon additions, 
litter et al. (12) have demonstrated such a reaction with bacteria, but there 
is as yet no evidence of the reaction in animal tissue. 

The present results do not answer the mo.st important question con- 
cerning the scheme; i.e., whether or not the fixation reaction is essential for 
the formation of phosphopyruvate. The Harvard investigators (1, 2, 13) 
attach significance to the observation that nearly the theoretical amount of 
glycogen as estimated from their scheme was found to be derived from car- 
bon dioxide. This fact is taken to indicate that all the glycogen may be 
formed via the fixation reaction and that this was a consequence of the fact 
that the fixation mechanism was the only means of formation of phospho- 
pyruvate from pyruvate. However, whether the fixation reaction is es- 
sential or non-essential, if it reaches equilibrium with the chain of reaction 
involved in glycogen formation , the concentration of fixed carbon -nill be e 
same in the glycogen. 

There is some question concerning the maximum theoretical value lor 
concentration of fibied carbon dioxide in the glycogen. Actually, i ® 
conversion of pyruvate to oxalacetate and fumarate (Reactions 1 and ) 
completely reversible and sufficiently rapid, both carbm^ls of 
would come to equilibrium with the carbon dioxide. In this case t^ c p 
phopyruvate, as derived from the fumarate, would contain C lo 
carboxyl group in concentration equal to the free carbon dioxi e a 
place of reaction and the theoretical maximum would be 33.3 per cen ra 
than 16.7 per cent. , j ^ 

In the present investigation the theoretical value was not appr 
closely as that attained by the Harvard investigators. In the 
of the Harvard group the rats weighed 87 to 
for 24 hours, given intraperitoneally 7.5 to 8.4 nil. of a NaU-i ^ 

tion, the bicarbonate concentration of which varied from a . jn 

m; the time of removal of the liver was 2} hours after the firs m] 
the present modification the rats were heaxder, were faste 
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given intraperitoneally about 10 ml. of 0.35 m NaHCOs per 100 gm. of body 
■weight, and the time of removal of the liver was SJ hours. However, in a 
single experiment. Experiment V, Table V, we have eliminated some of 
these differences in details, the most important remaining discrepancy being 
perhaps in the weight of the animal. Table Y shows a comparison between 
the results of Experiment V (Harvard method) and that of Experiment VI 
which may be taken as typical of the other experiments we have performed. 

From Table V it would appear that in the Harvard method the atoms 
per cent excess C*’ were not greatly different in the intraperitoneal fluid and 
respiratory air and presumably in the internal body fluids. In contrast, 
in Experiment VI, in which a large amoimt of bicarbonate was given, the 
atoms per cent excess C“ in the intraperitoneal fluid were considerably 
higher than in the blood or respiratory carbon dioxide, the amount in the 
latter two being not greatly different. 


Table 'V 

Comparison of Harvard Method and Method of Present Investigation 
The C” values are in atoms per cent excess. 



Experiment V» 
Harvard method j 

Experiment VI, 
present method 

Cu 

Carbons 3 and 4 of glucose 


0.10 

Respiratory CO 2 , Sample 1 


o.ss 

” “ “ 2 


0.65 

« .. .. 3 

0.31 

0.70 

tt H ** 4 


i 0.6S 

Intraperitoneal fluid 

0 27 

1.74 

Blood bicarbonate 


0.61 


The C’= in carbons 3 and 4, which contained all the fixed carbon in the 
glucose, was found to have only one-tenth and one-seventh as much C*’ 
excess in Experiments V and VI, respectively^, as the respiratory' carbon 
dioxide. Clearly the respiratory carbon dioxide did not approach equilib- 
rium "with carbons 3 and 4 of the glucose under the conditions of these ex- 
periments. The Harvard investigators report some experiments in which 
they obtained similar low fixation. It is possible that this small fixation 
may occur because part of the glucose is converted directly' to glycogen with- 
out equilibration rrith phosphopy'ruvate. In this case the inclusion of car- 
bon dioxide would not occur. In fact. Boxer and Stetten (14) have 
presented evidence that there is, in part, a direct conversion of glucose to 
glycogen which does not equilibrate 'with 3-carbon intermediates. It may 
be only under very limited conditions that complete equilibrium of glucose 






488 


FIXED CARBON IN GLUCOSE 


and pyruvate is attained. Even when lactate is fed, it is conceivable that 
preformed glucose m the animal tissue may enter directly into the glycogen. 
However, Boxer and Stetten found the greater part of the glycogen 
molecule to anse from 3-carbon fractions under this condition. It seems 
hkely tha,t some approach other than determination of the amount of fixed 
car on "m e necessary to establish definitely whether or not the fixation 
re^tion is essential for glycogen synthesis from pyruvate. 

. , 6 present results give valuable information relative to the mechanism 
ot the bacterial fermentation. Proof is provided that lactic acid is fonned 
^ E carbon chain in such a way as to yield the same carhon dis- 
tribution (Reaction 4) as is predicted for animal glycolysis. It does not 
necessanly follow that the intermediate mechanisms are identical, though 
^ probably the case (15). The bacterial fermentation provides a 
rehable method for degradation of glucose, which should prove valuable for 
further investigations. 

It is to be noted that in neither the animal nor bacterial conversions nns 
the labeled carbon randomized between positions 1 and 3, or 4 and 6 of the 
glucose . This fact proves that at no point in glycolysis is there a symmetri- 
cal 3-carbon intermediate. If dihydroxyacetone or a diphosphate ester of 
dihydroxyacetone was an intermediate, the labeled carbons of positions 3 
and 4 of the glucose would have been converted into both methyl and car- 
boxyl groups of the lactate. The present results are, therefore, in compicfo 
agreement with current concepts of the mechanism of glycolysis. 


SUMMAHY 

The glycogen of rat liver was isolated following intraperitoneal adminis- 
tration of heavy carbon bicarbonate and feeding glucose by stomach tube. 
The position of the labeled carbon in the glucose from the glycogen ima 
determined by bacterial and chemical degradation. The results shov that 
carbon dioxide carbon is fixed in positions 3 and 4 of the glucose. The dis- 
tribution of the isotope between the two positions is not indicated ua 
equivocally by the data, but is tentatively considered to be equal. These o 
servations are in accord with, but do not necessarily prove, the mechanL'm 
of glycogen synthesis as proposed by Solomon ei al. (1). The C’ 
tion in the glucose and in the lactic acid obtained by bacterial degradation 
of this glucose is that predicted by current concepts of glycolysis. 

We wish to express our thanks to the staff in the Physics 
the University of Minnesota, and especially to Dr. A. 0. Nier, or 
generous cooperation in this investigation, and to Miss Carol Car so , 
rendered valuable technical assistance. 



H. G. WOOD, N. LIFSON, AND V. LOKBEH 


489 


BIBLrOGRAPHY 

1. Solomon, A. K., Vennesland, B., Klemperer, F. W., Buchanan, J. M., and Hast- 

ings, A. B., J. Biol. Chem., 140, 171 (1941). 

2. Vennesland, B., Solomon, A. K., Buchanan, J. M., and Hastings, A. B., J. Biol. 

Chem., 142, 379 (1942). 

3. Meyerhof, 0., Ohlmeyer, P., Centner, W., and Maier-Leibnitz, W., Biochem. Z., 

298, 396 (1938). 

4. Wood, H. G., Workman, C. H., Hemingway, A., and Nier, A. O., Proc. Soc. Exp. 

Biol, and Med., 46, 313 (1941). 

5. Jackson, E. L., and Hudson,' C. S., J. Am. Chem. Soc., 69, 994 (1937). 

6. Osburn, O. L., Wood, H. G., and Werkman, C. H., Ind. and Eng. Chem., Anal. 

Ed., 6, 247 (1933). 

7. Malaprade, L., Bull. Soc. chim., 43, 683 (1928); 1, 833 (1934). 

8. Good, C. A., Kramer, H., and Somogyi, M., J. Biol. Chem., 100, 485 (1933). 

9. Wood, H. G., Werkman, C. H., Hemingway, A., and Nier, A. 0., J. Biol. Chem., 

139, 377 (1941). 

10. Fischer, E., Ber. chem. Gee., 28, 1145 (1895). 

11. Weike, H. D., and Jacobs, B., Ind. and Eng. Chem., Anal. Ed., 8, 44 (1936). 

12. Utter,‘M. F., Werkman, C. H., and Lipmann, F., J. Biol. Chem., 164, 723 (1944). 

13. Buchanan, J. M., Hastings, A. B., and Nesbett, F. B., J. Biol. Chem., 146, 715 

(1942). 

14. Boxer, G. E., and Stetten, D., Jr., J. Biol. Chem., 166, 237 (1944). 

16. Werkman, C. H., and Wood, H. G., Bot. Rev., 8, 1 (1942). 




THE ADENOSINETRIPHOSPHATASE ACTIVITY 
OF MYOSIN PREPARATIONS 

Bt H. O. SINGHER* an-d A. MEISTER 
(From the Department of Physical Chemistry, Harvard Medical School, Boston) 

(Received for publication, March 19, 1945) 

The recent finding that myosin preparations are capable of hydrolyzing 
adenosine triphosphate (ATP) has been considered evidence of a relationship 
between this protein and the energy-protdding mechanisms of skeletal 
muscle. It has been reported by Engelhardt and Ljubimova (1, 2) that 
myosin prepared from rabbit muscle and precipitated by dilution, dialysis, 
salting-out, or acidification exhibited adenosinetriphosphatase activity. 
After three precipitations the preparations were capable of hydrolyzing 
one-half of the labile phosphorus of ATP and were incapable of acting upon 
adenosine diphosphate (ADP). Bailey (3) and others (4-7) have re- 
ported essentially similar results Tvith rabbit myosin and myosin of 'other 
species. Thus far it has not been possible to separate the adenosinetri- 
phosphatase activity from myosin and the tentative assumption has been 
made by some that the enzyme is, in fact, identical with myosin. Engel- 
hardt el al. (8) have determined the effect of ATP upon myosin threads 
and have reported that these fibers increase in length when immersed in 
solutions of ATP. This is advanced as further etydence of a close relation- 
ship between myosin and ATP. 

The obvious importance of these findings relative to muscular contraction 
initiated the series of experiments reported here. The present work, which 
differs in certain respects from that previously reported, deals vith the 
hydrolysis of ATP by myosin preparations and the effects of various agents 
upon this reaction. 


EXPERIMENTAL 

Analytical Procedures — ^Phosphorus was determined by the method of 
Fiske and Subbarow (9). Nitrogen determinations were carried out by the 
nrocedure of Koch and McMeekin (10). The portable apparatus of Edsall 
and Mehl (11) was emploj^d for obsen’ation of double refraction of flow. 

Preparation of Adenosine Triphosphate — ^The calcium salt of ATP was 
prepared by the method of Fiske and Subbarow (12) and by that of Sub- 
barow.* The barium salt was prepared according to the procedure of Kerr 

* From part of the thesis presented by one of the authors (fl. O. S.) to the Graduate 
School of Harvard University in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. 

' Subbarow, Y., unpublished. 
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adenosinetriphosphatase 


OF MYOSIN 


n The sodium salt was prepared from the barium compound by precipi- 

Sn amount ot suBun. add. « 

experiments are as follows: 


ATP preparation 

Ca salt 

i( (< 

Ba “ 


N:P ratio 
5.04:3 
5.0:3 
5.03:3 


Ratio of labile to total P 

2.0:3 

1.99:3 

2.03:3 


Preparation of Myosin— Myosin the fore 

stein and Edsall (14) ivith several J ^ procedures vere 

and hind limbs and the back of the rabbit were UM . ^ 

carried out below S^. The muscle ^"d exTuictcd 

in a meat grinder to a P°^ ® P ifflCOa buffer (pH 7.8, 

^th 10 times its volume of 0.5 m ^Cl and 0. ^ extraction was 

total molarity 0.54) ivith stirrmg for • , buffer. The 

carried out on the muscle pulp with ^ ®nia 1 combination of 

tissue was removed by high speed 0.005 « 

the extracts, the myosm ^ipitates were washed mth 

veronal-HCl buffer of appropriate pH. ^he Pre P te ^ 

the same solution and ^^^^issolved m verond^ Th ^ 

concentration of 0.44 m by This solution niH^ 

soluble protein was removed by I tj^ns ,vere carried out. The 

referred to as Myosin 1 . Three sueb pre p t “PP'To 5 

redissolved material from each P^'f 'Pf of 6, 7, 7.5. 8.0, and 8 j 

number. Preparations were made ^ brought to 2’ 

Measurement of Enzyme Acltm y p ^ added to 

before use. 2 cc. of an aqueous solution o^Ca ^tthe«i 

of myosin in a 10 cc. volumetric flask and ^^^-tion of 4 cc.oj^ 

of a given period the reaction was^oppe Joy 

ner cent trichloroacetic acid. The mix phosphorus. Co 

experiments were performed with ATP ^^^/?robta'» 

aSne. The results are expressed^^ 

snlit The different penods hydro y jj,ydrolyEi- 

except to tee c»,es m 

Ss procedure has no deleterious effect on myosm, 


minutes 
I ‘ ■ 
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to be obsen^ed. Bailey’s value for the nitrogen content of myosin^ 16.6 
per cent, is employed throughout (16). All hydrolysis experiments 'were 
carried out in the presence of 0.25 m veronal-HCl-KCl buffers at pH 8.5. 
The enzyme activity in veronal buffer did not differ appreciably from the 
activities in borate or bicarbonate buffers of the same pH. 

Results 

Properlies of Preparalion — The results of determinations of nitrogen, 
enzymatic activity, and double refraction of flow of the successively pre- 
cipitated myosin solutions are given in Table I. The values for the myosins 


Table I 

Properties of Myosin Solutions Capable of Splitting Adenosine Triphosphate {ATP) 


Myosin preparation 
No. (pH 8.5) 

Protein per cc. 

1 

ATP per cc.* 

Hydrolysis (30 min.) . 

Double refractionf 


ttti. 1 

mi. 

per cent 


1 

2.65 

0.600 

65 

2.5 

2 

2.42 

0.764 

60 

2.1 

3 

2.35 

0.654 

60 

2.4 


* All ATP or P concentrations represent mg, of the calcium salt, unless olher\\ise 
specified. 

t Expressed in terms of (n, — n.) X 10”*, where n, and n, are the refractive indices 
of the components of the light perpendicular and parallel to the optic axis. These 
measurements were made at a velocity gradient of 91 sec."*. 

prepared at pH values of 7 , 7.5, and 8 were similar to those for the prepara- 
tion at pH 8.5. The myosin prepared at pH 6 showed no enzymatic 
activity, but there was no corresponding loss of double refraction of flow. 
On the basis of the constancy of nitrogen, enzymatic activity, and double 
refraction in Myosin 2 and Myosin 3, it was believed that the limits of 
fractionation obtainable by the dialysis procedure were reached. 

Effect of Myosin and ATP Concentrations — With ATP concentrations of 
0.875 mg. per cc,^ and 30 minute hydrolyses, the activity was found to- 
remain constant at protein concentrations greater than 1.45 mg. per cc. 
The activity fell off rapidly at lower protein concentrations. Enzj’matic 
activity was proportional to protein concentration at pH 7 below 2.0 mg. 
per cc. (Fig. 1). The succeeding experiments were carried out with a 
protein concentration of 1.45 mg. per cc., except in certain cases noted. 

The effect of varying the ATP concentration was determined by 30 min- 
ute hydrolyses. The per cent hydrolj'sis was found to fall off at concentra- 
tions of ATP higher than 0.944 mg. per cc. (Table II). 

Effect of pH and Temperature — The pH-activity curve was determined by 
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15 and 3 minute hydrolj'ses. The protein concentration was 1.2 mg. per 
cc. and the ATP concentration was 0.873 mg. per cc. The optimum pH 



phate. □ 3 minute hydrolysis, O 15 minute hydrolyiis. 


Effect ofSuhslrale Concentration on Splitting of Adr nosine Triphosphate 
pH 8.0, 25°, time of hydrolysis 30 minutes, protein concentrationO ng. 


CC. 

ATP per ce. 

Hydroij’sis 

ATP per cc. 


ms. 

f-er (tn\ 

m. I 

49.7 

0.235 

49.5 

0.944 

3S.' 

0.393 

51.0 

1.39 

24.2 

0.5S9 j 

50.0 

9.64 


0.856 1 

48 .4 



0.883 

49.6 






■ — r"TTT 

TP irould b' 


Note that complete spuiting oi iico 
as 66.7 per cent hj'drolysis by our definition. 

was found to be in the ^neighborhood of pH 9 both Kte o . ^ 

(Fie. 2). It was found that myosm solutions bro^^ hvdrosdeo'''^'" 

pH9.LlowerthanpH6.0byadditionofdilutesodiunib>dro. 
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hydrochloric acid, respectively, showed either diminished activity or com- 
plete loss of activity when the pH was readjusted to 8.5. 

The optimum temperature was determined by 30 minute hydrolyses with 
0.971 mg. of ATP and 1.45 mg. of protein per cc. The optimum tempera- 
ture under these conditions was found to be in the neighborhood of 38° 
(Fig. 3). 

Rale of Rcaclion-~The rate of reaction was determined ■with the same 
concentrations of enzyme and substrate which were employed for the opti- 
mum temperature experiments. One-third of the total ATP phosphorus 
is liberated in 5 •minutes, and the reaction goes virtually to completion, 



Fig. 2. The relation of pH to adenosinctriphosphalasc activity 


vdth the hberation of two-thirds of the total ATP phosphorus in 40 minutes, 
as showTi by the following figures. At pH 8.5 and 25°, t\ith a protein con- 
centration of 0.24 mg. of nitrogen per cc. and a total phosphorus of 0.178 
mg. per cc., the per cent hydrolysis of ATP was 14.1, 23.3, 33.2. 38.0, 45.1, 
49.6, 59.8, 66.4, and 66.4 at 1.5, 3, 5, 10, 15. 20, 30, 40, and 60 minutes, 
respectively. 

Effect of Aclivalion — Enzj^matic hydrolyses were carried out with sodium 
ATP in the presence of varjdng concentrations of CaCb and AIgSOi. These 
experiments were run for 15 minutes and the concentration of ATP wa.s 
0.437 mg. per cc. Calcium concentrations of about 10“^ ii and magnesium 
concentrations of 10“^ and 10~® m had an activating effect. Higher 
concentrations of these ions produced diminution of activitj-. Acti- 
vation mth MgCU was similar to that observed with MgSOi. The 
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concentration of ATP was 0.545 mg. per cc. in the experiments nith 
gtycine. 1 M glycine produced activation (Table III). 

Effect of Inhibiting Agents — A sample of myosin containing 7.2 mg. of 
protein per cc. was incubated at 37.5° and samples were withdrawn at in- 
tei^mls for determination of enzyme activity and the presence of double 
refraction of flow. Enzjmatic hydrolyses were carried out for 15 minutes 
on 1 cc. samples, with 1.09 mg. of Ca ATP per cc. The activity decreased 



Fig. 3. The effect of temperature on the hydrolysis of adenosine triphosptJ 
myosin. 


after 45 minutes of incubation, but showed no finther diminu 
hours of incubation. Double refraction of flow was absent a r ’ 
of incubation. The effect of incubation at 37.5°, pH 8.5, on 
is shown by hydrolysis of 45.0, 35.6, 34.8, 32.6, 32.5, 32-6, • ’ . ('g; 

34.7 per cent for 0, 45, 90, 180, 210, 240, 270, 300, an 

incubation, respectively. . , j -Double refrsf' 

Myosin was treated with 0.8 m guanidine hydrochlon • cglotios 

tion of flow and enzyme activity were found to be absen 
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and in the solution of myosin washed free of guanidine hydrochloride and 
redissolved in KCl solution. Similar results were obtained with 0.6 M 
CaCh. A partial loss of both properties was observed after treatment with 
1.14 M potassium fluoride. 

15 minute hydrolyses were carried out in the presence of varying concen- 
trations of KCl and an ATP concentration of 0.71 mg. per cc. The amount 
of hydrolyzed phosphorus remained constant at all KCl concentrations 
below 0.7 M, but decreased at higher salt concentrations. At pH 8.5 and 
25°, with a total P of 0.13 mg. per cc. and a protein N of 6 24 mg. per cc , 
the per cent hydrolysis of ATP in 15 minutes was 46.8, 46.5, 46 6, 45.0, 

Table III 


Effect of Activators on Splitting of Adenosine Triphosphate 


Activator 

Molarity 

Hydrolysis 

None 


per cent 

46 6 

Mg 

0 00001 

66 8 

tt 

0 0001 

52 5 

tt 

0 006 

25 1 

it 

0 03 

23 9 

it 

0 3 

16 1 

Ca 

0 0009 

60 9 

(( 

0 004 

60 2 

tt 

0 04 

52 0 

it 

0 1 

41 9 

tt 

0 2 

34 1 

Glycine 

1 0 

59 5 

tt 

2 0 

48 4 


39.2, 31.8, 29.8, 17.3, and 12 8 for 0.19, 0.25, 0 38, 0.69, 0.86, 1.53, 1.86, 
2.5, and 3.5 M KCl, respectively. The same results were obtained with 
myosin prepared at different pH values. 


DISCUSSION 

The present results indicate that myosin prepared at pH 6 possesses no 
adenosinetriphosphatase activity, or m any case that the actndty is rapidly 
lost when myosin is exposed to this pH. Bailey’s myosin prepared at pH 
6 8 to 7.0 split ATP but not ADP. On the other hand, myosin prepared 
in alkaline media (pH 7 to 8.5) hydrolyzes both labile phosphate groups 
of ATP, Summerson and Meister (17) have recently found that mj'osin 
prepared by repeated precipitation at alkaline reaction retains the ability 
to hydrolyze completely both labile groups. They refer to this preparation 
as Myosin 2. Precipitation of myosin at pH 6 5 produced myosin prepara- 
tions similar to those of Bailey (Myosin 1). 
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Kalckar has recently suggested that the dephosphoiylation of ATP in 
muscle may be due solely to myosin and myokinase (18). Colowick and 
Kalckar had previously shoum that myokinase catalyzes the transfer of 
phosphorus from 1 molecule of ADP to another, producing, from 2 moles 
of AJDP, 1 mole each of ATP and adenylic acid (19). It is quite possible 
that the ability of Myosin 2 to act upon ADP is due to the presence of myo- 
kinase in these preparations. If this is true, it would appear that myokina.sc 
is more readily separable from myosin at pH 6.6 to 7.0 than at pH 7 to 
8.5. 

The striking activation by magnesium of myosin prepared in alkaline 
media is not observed with Myosin 1. Bailey reports slight activation by 
magnesium of the thrice precipitated myosin in contrast to the marked 
activation obtained vith once precipitated myosin. Magnesium augments 
the activity of mj'okinase considerably (19). The results of the studies on 
the effect of magnesium on the activity of Myosins 1 and 2 are, therefore, 
compatible with the suggestion that myokinase is responsible for the 


apparent hydrolysis of ADP by Myosin 2. 

Our results confirm the previously' reported data concerning pH and 
temperature optima (3) and glycine and calcium activation (3). The 
activation by' calcium noted by' us could be due solely to its effect on the 
Myosin 1-ATP reaction or on both components of Myosin 2. Hoire'Wi 
we have been unable to find anv mention in the literature concerning 1 a 


effect of calcium on myokinase. • i i • ! 

In general the experiments reported here were carried out ml*' 
protein and low substrate concentrations. Hence, any calculation 
activity similar to Bailey’s Qp values would be of little significance. 

Our results disagree with those of Engclhardt and Ljubimova (h 
report complete destruction of adenosinetriphosphatase activity o 
by' incubation for 15 minutes at 37°. We find comiderable activity mm 
ing after 6 hours of incubation at this tempera ti> re. We Halin'® ^ 
concentration of my'osin was much lower in the cited expenmen - 
the present series. Tliis might well explain the more rapid loss o a - 
in Engelhardt and Ljubimox'a’s experiments, since enzy'mes an o 
teins are frequently un.stable in very dilute solutions. 

A decrease in enzyme activity' has also been obsen'ed by i a 
ton (20) in rat my'Osin preparations with increasing concentre 
(0.1 to 0.5 m). In our experiments no decrease of activity 
the same range of salt concentration. An increase of the mo an . 
sium chloride to 0.86, however, produced a diminution m ' (joa? of 
apparent discrepancy is undoubtedly due to the differen ^ 0.123 

myosin employed. Mehl and Sexton used myosin concen . 
to 0.205 gm. per liter, while the myosin concentration m o 
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was 1.45 gm. per liter. Apparently the effect of salt on activity is greater 
at lower protein concentrations. This has been found to be the case with 
other enzymes such as urease. 

It has been shoum that there is no correlation between the number of 
porph3Tindin-titratable sulfhydryl groups of myosin and the presence of 
double refraction of flow (14). Guanidine hydrochloride (0.8 m), which 
increases the number of titratable sulfhydryl groups and destroys double 
refraction of flow, was observed to destroj’’ the enzyme activity. Calcium 
chloride (0.6 m) has no effect on the number of sulfhydryl groups (as deter- 
mined by the porphyrindin titration), but also destroys double refraction 
of flow and enzyme activity. Glycine, which reduces the titratable sulfhy- 
dryl groups to zero, has no effect on double refraction of flow, and enhances 
enzymatic activity. Barron and coworkers (21, 22) have reported inhibi- 
tion of the myosin adenosinetriphosphatase by mercaptide-forming com- 
pounds and mild oxidizing agents, and reactivation of the enzyme ivith 
glutathione. Thus it appears that there maj' be, under some circumstances, 
a relationship between the sulfhydryl titer and enzyme activity. The 
lack of correlation between sulfhydryl content and double refraction of 
flow, however, makes it impossible to relate enzyme activity to double 
refraction. 

Furthermore we have been able to prepare myosin which showed double 
refraction of flow (under our conditions) in the absence of enzj'matie 
activity, and myosin which showed no double refraction of flow in the pres- 
ence of adenosinetriphosphatase activity. The former myosin was ob- 
tained by precipitation of the protein at pH 6, while the latter was pre- 
pared by incubating the myosin at 37.5° (see “Effect of inhibiting agents”). 
In the second case no double refraction of flow was observed with a velocity 
gradient of 91 sec."*. We believe that double refraction of flow is a fair 
criterion of undenatured myosin. EngeUiardt’s data (8) also show that 
salting-out of the protein does not destroy enzj'matic activity. Von 
Muralt and Edsall (23) and Edsall and Mehl (11) demonstrated that this 
procedure brings about a loss of double refraction of flow. It appears, 
therefore, that it is possible to separate the optical activity from the enzj’- 
niatic activity. These results are apparentl 3 '’ in disagreement with the view 
that myosin and adenosinetriphosphatase are identical. However, it is 
possible that both the double refraction of flow and the enz 3 'me acti^’ities 
reside within a single myosin molecule and that the molecule ma 3 ' bo 
decreased in length, producing loss of double refraction of flow (under the 
e.xperimental conditions). Avithout loss of enz 3 'me activit 3 '. The other 
possibility which must be considered is that there e.xists in the m 3 'osin solu- 
tion a heterogeneous pi-otein population, as seems probable on the basis 
of work reported b 3 '^ Weber (24). The enz 3 Tnatic activit 3 ’ might reside 
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in molecules that do not exhibit double refraction of flow at low 
velocity gradients. 

The importance of the identity or close association of adenosinetriphos- 
phatase activity and myosin becomes apparent with the work of &ge!* 
hardt on the change in length of myosin fibers in ATP solutions and that of 
Dainty et al. on the effect of ATP on mj'osin solutions (25). Engelbardt’s 
experiments suggest a possible connection between the chemical and 
mechanical events occurring in muscular contraction. The present sug- 
gestion as to the non-identity of the birefringent and enzymatic properties 
of myosin would seem to still leave the question of the transformation of 
chemical to mechanical energy open to other possible explanations. 

It is a pleasure to express our thanks to Dr. J. T. Edsall and Dr. E I 
Cohn for their interest and criticism during the course of this work. 


SUMMARY 

1. Myosin prepared in alkaline media possesses adenosinetriphosphatase 
and adenosinediphosphatase activity and shows double refractm of flow. 
Myosin prepared at pH 6 possesses neither of the adenosinephosphataso 
activities but shows double refraction of flow. 

2. The effects of myosin concentration, substrate concentration, 

temperature, and calcium, magnesium, guanidine hydrochloride, glpcw-i 
and potassium chloride concentrations were studied. Striking activation o 
the enzymatic activity of the myosin prepared in alkaline media was o 
served with calcium and magnesium. _ ... 

3. Incubation of myosin at 37.5° produced slight reduction in 
activity and complete loss of double refraction of flow under our con 
tions. 
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CARBOHYDRATE CHARACTERIZATION 

V. ANHYDRIZATION OF THE ALDOPENTO-BENZIMIDAZOLES* 

Bv CHARLES FERDINAND HUEBNER, ROLLAND LOHMAR, ROBERT J. 

DIMLER, STANFORD MOORE, and KARL PAUL LINK 

(From the Department of Biochemistry, College of Agriculture, 

University of Wisconsin, Madison) 

(Received for publication, March 19, 1945) 

In communications (1 , 2) dealing nith the characterization of aldoses as 
benzimidazole derivatives, it was reported that d-xylonic acid reacts with 
o-phenylenediamine at 135° in the presence of acid to form a derivative 
(I) which is unique among the 2-(aldo-polyhydroxyalkyl)benzimidazoles^ 
in being very soluble in water. It was further reported that condensation 
at 180° in the presence of zinc chloride and acid yields a water-insoluble 
product (II). The nitrogen analyses (Dumas) reported indicated that the 
product formed at 180° was d-xjdo-benzimidazole, CuHi 404 N 2 , and that 
the product obtained at 135° had the formula CtiHieOjN:, indicating a 
compound which might have been formed by the elimination of 1 mole of 
water, instead of 2, from the reactants. Reexamination of these products 
showed the analyses to be in error because of the difiRculties of complete 
combustion in the Dumas method. This characteristic is shared by other 
benzimidazole derivatives, particularly those of the saccharic acid series. 
Kjeldahl nitrogen values with the Elck and Sobotka modification (3) and 
carbon and hydrogen values now show the product formed at 135 to be 
d-xylo-benzimidazole (I), ChHiaO^N”, whereas the product formed at 
180° is an anhydro-d-xylo-benzimidazole (II), CuHisOjN:.- 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station, and supported in part through special grants from the Graduate 
Research Committee of the University, Office of Professor E. B. Hart, made available 
by the Wisconsin Alumni Research Foundation. Part of this work was preseiUed at 
the New York meeting of the American Chemical Society , Division of Sugar Chem- 
istry and Technology, September 15, 1944. 

We are greatly indebted to Hoffmann-La Roche, Inc., Nutley, N ew Jersey (through 
Dr. H. M. Wuest), for a generous gift of d-ribose and to the Abbott Laboratoncs, 
North Chicago, Illinois (through Dr. E. H. Volwiler), for a special grant to help 

defray the cost of this study. _ _ i. • -j 

* For convenience these derivatives are given the trivial nime, aldo- emum a- 
zoles. Individual members are named for the aldose from which they are derived; 

i.e., d-gluco-benzimidazole. , i j i 

» Professor C. S. Hudson, National Institute of Health, Bethesda, Maiyland ^so 
prepared II and kindly informed us, in a private communication, September 1, 1. , 

that his analyses agree with ours. 
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HOCH 

1 

HCOH 

I 

CHiOH 
(I) (ID 

The proof of structure II is presented here. II contains a furane ring 
and is 2-(l',4'-anhydro-d-xylo-tetrahydroxybutyl)benziinida2;oIe. This 
conversion of the aldopento-benzimidazoles to their l', 4 '-anhydrides at 
180° has been extended to arabinose, lyxose, and ribose.’ In a subsequent 
paper, it will be shown that an inversion at carbon atom 1' does not occur 
during anhydrization and that the original configuration of the aldopento- 
benzimidazole is retained in the anbydro derivative. 

Assignment of the d-xylo-benzimidazole structure to I rests on the folio" 
ing evidence. Oxidative degradation of I with permanganate jdclaCi 
2-benzimidazolecarboxylic acid (V). Further support for the presenc 
of a benzimidazole structure in the molecule is given by ultraviolet absorp 
tion spectra. I has an absorption curve vith well defined marima 
minima identical with that of d-gluco-benzimidazole (Table )• 
aldopento-benzimidazoles (as typified by d-arabo-benzimdazole) 

3 molar equivalents of periodate to produce 2-benzimidazo ea c } i 
formaldehyde, and 2 molar equivalents of formic acid. ^ 

The following considerations lead to the designation ^ ^ jeefone 

anhydro-d-xylo-tetrahydroxybutyl)benziniidazole. Tests for o ^ 

* The 180° transformation product from d-ribo-benzimidaro!e 
in water and difficult to crystallize. The analyses of tins Jon Jjydra- 

(82-83°) establish its empirical formula as CiiHijOjN«-2HjO. A (.jj compound i-' 

tion is not lost on drying in vacuo at 65°. It appears, however, a its ' 

a hydrate of anhydro-d-ribo-benzimidazole, rather than a pro “ bcciDi' it 

water molecules have entered into the ultimate (c.jy;nric;d- 

imdergoes the two reactions characteristic of the anhj o a jcfC: 

azoles; viz., the formation of 2-(a-furyl)benzimidazole on rea poriodjv 

anhydride and the production of 2-benzimidazolecarbox> i 
oxidation. 


HOCH ) 

I 0 

HCOH 

I 

a'riTT.— J 
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group with phenylhydrazine, for an enolic group with diazomethanp, and 
a lactol hydroxjd group with methanolic hj^drogen chloride were all nega- 
tive, therebj’' excluding possible C11H12O3N2 Structures containing these 
groups. Since II could be converted to N-benzyl-anhydro-d-xylo- 
benzimidazole, it was concluded that a free imino group is present in II. 
The anhydro-d-arabo-benzimidazole in which cis hydroxyls are present on 
carbon atoms 2' and 3' formed an acetone condensation product. Since 
this compound could not be acetylated, the parent anhydro-benzimidazole 
contains but two hydroxyls. This compound apparently does not undergo 
N acylation; hence the remaining two hydrox5ds originally present in d- 
arabo-benzimidazole must be engaged in ether linkage in theanhydro deriva- 
tive. Because of the stability of the anhydro ring to reagents like sodium 
methoxide and strong acid, a furane type of ring vas considered most 
probable. 


Table I 


Benzimidazole Ullvaviolet Absorption Spectra 


Ben7>mid&zoIe 

Maximum 

Minimum 

Wave length 

Log « 

Wave-length 

Loge 

d-Gluoo- . 

A 

2800 

3 78 

A 

2770 

3.71 


2725 

3 85 

2590 

3.61 

d-Xylo- 

2795 

3 83 

2765 

3.79 

2725 

3 88 

2585 

3 67 

Anhydro -rf-xylo- 

2790 

3 81 

2765 

3.74 

2730 

3 86 

2585 

3 62 


This structure was confirmed by periodate oxidation studies.^ 4 molar 
equivalents of periodate were consumed by II to produce 2-benzimidazo e- 
carboxylic acid (V), formaldehyde, and 2 molar equivalents of formic acid. 
Assuming, as is concluded from the kno^^'n periodate oxidations, that on y 
the carbon to carbon bond of 1,2-glycols, 1,2-dicarbonyl corapoun s, an 
ketals is easily oxidized (4), the oxidation of II should stop wit t e pro 
duction of the dialdehyde (III). If, however, the active hydrogen on e 
carbon atom between the aldehyde carbon and the imidazole ring were 
oxidized to a hydroxyl group, this intermediate (lAO Mould ur er 
oxidized according to the orthodox pattern (V , etc.) with the consump ion 
of a 3rd and 4th mole of periodate. To test the assumption that a con- 
figuration such as is present in III is oxidized by periodat^ \ ^ ^ a\uors 
of bomyl-d-glucuronide and methyl-d-galacturonide met j es er 
studied. If this assumption is true, the oxidation of bomyl-d-g ucurom e 
should consume 5 moles of periodate (\’^II, etc.) instead of stoppmg a er 
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the consumption of 2 moles and the production of VI. The carbon marled 
rvith an asterisk in VI is analogous to carbon atom 1' in III in that it is 
situated between a carbon at the aldehj^de stage of oxidation and a carbon 
at the carboxyl stage. 5 moles of oxidant were consumed by both the 
uronides. The glucuronide sdelded bomyl formate and 5 molar equivalents 
of acid. Since 1 molar equivalent of oxalic acid was obtained, 3 molar 
equivalents of formic acid were produced. The oxidation products of the 
galacturonide were not investigated but 4 molar equivalents of acid vere 
produced. * 


II 



<: 
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1 2 ior 
» 
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HOC 
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> + 

HC=0 
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CH.O 
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( 

HC==0 

I 
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COOH 
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ROC— H 
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HC==0 

( 
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HOC 

I 

COOH 

(VII) 


2ior 


HCOOR 

+ 

COOH 

COOH 

+ 

SHCOOH 


Evidence for this type of o.-ddation by lead tetraacetate m 
series has been reported bj’ Hockett (6), who foimd that j (Vlllb 

jS-d-galactofuranoside does not stop at the hjirothetical tna the 

but that another mole of oxidant is consumed presumably in re 
active «-hydrogen by aceto-xjd. „„i,vdro-d-3wbO' 

The kinetics of the oiddation of anhydro-d-xylo- an rompcund 

benzimidazoles by lead tetraacetate revealed that t jyrfnpito 

nith adjacent m hydroxyls was, as expected (6), oxi i ^ 
first stages of the reaction than the :ylo compound (see )g- 
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The T,4'-anh5'dro ring is also indicated by the conversion of these com- 
pounds by boiling acetic' anhydride to 2-(a-fuiyl)benzimida2ole (IX). 
This proof is valid.only if no ring shift occurs during dehydration. 



Fig. I. O.vidation of anhydro-d-arabo-benzimidazole (Curve I) and anlydro-d- 
xylo-benzimidazole (Curve II) by lead tetraacetate in glacial acetic acid. 

It should be noted that IX is not realized by refluxing compounds of 
the type I with acetic anhydride. Under milder acetylation procedures, 


CiHsO— CH 



=0 


HC=0 

I 

1— CH 


HC=0 


(VIII) 



HC 

II 

HC — 


(IX) 


acetates of the aldo-benzimidazoles can be isolated. Thus d-arabo- 
benzimidazole yields a tetraacetate (7) and d-galacto-benzimidazole, a 
hexaacetate (8). d-Mannosaccharo-dibenzimidazole 3 ’ields a hexaacetate 
and not a tetraacetate as first reported* (9). 

It is of interest to note that under conditions of the 0-acetyl determina- 
tion of Wolfrom et al. (10), conditions which do not ordinarily hydrolyze 
N-acetyl groups, the N-acetyl of d-galacto-benzimidazole hexaacetate is 


‘ Analysis — CioHjoOioN 4 . Calculated, C 59.4, H 5.0, X 9.3; found, C 59.3, H 5.4, 
N 9.2. 
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completely hj^drolj'zed. The N-acetyls of d-mannosaccharo-diben- 
zimidazole hexaacetate are 70 per cenjt hydrolyzed. Blank determinalions 
in acetone ndth phenolsulfonephthalein as an indicator showed that no acid 

is consumed by the unacetylated benzimidazoles. 

> 

EXPERIMENT Ali 

d-Xylo-hemimidazole Hydrochloride — ^The barium salt from the me- 
thanol-hypoiodite oxidation of 7.5 gm. (50 him) of d-xylose was suspended 
in a small amount of water and decomposed with sulfuric acid. The 
barium sulfate was filtered and the solution concentrated to a syrup at re- 
duced pressure. To the syrup dissolved in a mixture of 25 cc. of ethanol 
and 125 cc. of butanol, 4.6 gm. (25 mM) of o-phenylenediamine diliydro- 
chloride® and 2.4 gm. (22 mAi) of o-phenylenediamine (free base) were 
added and the mixture refluxed for 8 hours. From the cooled solution 
11.7 gm. (85 per cent) of the hydrochloride of I crystallized, m.p. 176-178 . 
Recrystallization (with decolorization) from 12 parts of 95 per cent ethanol 
gave a nuxture of anhydrous and apparently hydrated material from which ^ 
the solvent was removed by drying at 110° in vacuo. The pure anhydrous 
hydrochloride was obtained by recrystallization from about 5 parts of 
absolute ethanol, m.p. 181-182°; [a]|® = -1-17.3° (C, 2; HjO). 


Analysis — CuHuOjNiCl. Calculated. C 48.1, H 5.5, N 10.2 
Pound. “ 47.8, “ 5.6, " 10.2 

d-Xylo-henzimidazole {I) — An aqueous solution of the hydrochloride 
was shaken with an excess of silver carbonate, filtered from the silver sa s, 
treated with hydrogen sulfide, and again filtered. Ckmcentration o 1 e 
solution gave a syrup from which I cry^staUized. I was recrystallize men 
butanol, with the addition of acetone to give more complete ’°g'. 

The melting point is 141-143°; == 4 - 20 . 0 ° (C, 2 ;nHCI); - f-I .< ( > ' 

5 per cent aqueous citric acid). 


Analysis — CiiHi«04Nj. Calculated. 

Found. 


C 55.4, H 5.9, N 11.8 
“ 55.4, •' 5.9, " 11.6 


Anhydro-d-xylo-benzimidazole {11) — To 0.274 gm. (1 miO o c 
chloride of I were added 0.2 cc. (1 miu) of 5 M zinc chlori e j 

(2 nm) of concentrated hydrochloric acid. The rmxture lyas ^ 

180° for I 5 hours. The amber-colored syrup was dissolve m a 
of water, filtered with the use of carbon (nuchar), and dilute o ^ 

‘ 20 gm. of o-phenylenediamine were added to 150 cc. of ^lirture 

to boiling. 34 cc. of concentrated hydrochloric acid were a ® ' ..jj abirin!' 
cooled in the refrigerator and the product filtered and was e 
alcohol and ether; 25.5 gm. were obtained. 



HI7EBNEE, LOHMAR, DIMLBR, MOORE, AND LINK 


509 


Specific rotation, usually about 62°, corresponds to a yield of about 96 
per cent of II. Concentrated ammonium hydra.-dde (0.33 cc.) was added 
to the solution. Enough acetic acid was then added nearly to dissolve the 
precipitate which formed. The mixture was filtered hot after treatment 
with hydrogen sulfide. Concentrated ammonium hydroxide (0.33 cc.) 
was added and the solution was cooled in the refrigerator ndth occasional 
scratching, yield 0.19 gm. (86 per cent), m.p. 221-223°. Directions for 
further purification and preparation of secondary derivatives are given by 
Moore and Link (2). II may also be prepared directly from barium d- 
xylonate as described by them. 

4nal!/sis— Ci.HijOjN. Calculated. C 60.0, H 5.4, N 12.7, mol. wt. 220 
Found. “ 60.0, " 5.6, “ 12.8, 200-220 (East) 

Anhydro-d-arabo-henzimidazole — This compound was obtained in com- 
parable yields in a manner similar to that described for the preparation of 
II, m.p. 206-208°; [a;]o° = -f-2.7 (C, 2; 5 per cent aqueous citric acid). 

Analysis — CuHisOjNj. Calculated. C 60.0, H 5.5, N 12.7 
Pound. “ 59.8, “ 5.5, “ 12.7 

Anhydro-d-lyxo-benzimtdazole — i-Lyxo-benzimidazole (0.238 gm.) was 
converted to its anhydro compound by the procedure used to prepare II. 
A relatively small amount of the anhydro derivative crystallized out of 
the solution obtained upon filtration of the zinc sulfide, so that the mother 
liquors were concentrated to dryness. The residue was triturated with a 
few cc. of water, filtered, and washed to remove inorganic salts. The com- 
bined yield was 0.10 gm., m.p. 176—180°. After two recrystallizations from 
3 cc.- of ethanol, the melting point was 200-204°; [a]®* = -1-59.5° (C, 2; 
N HCl); -1-62.5° (C, 2; 5 per cent aqueous citric acid). 

Analysis — CnHuOjNj. Calculated, N 12.7; found, N 12.8 

The picraie melted at 132-138°. 


Analysis — CirHjsOioNs. Calculated, N 15.6; found, X 15.7 

Anhydro-d-ribo-benzimidazole — d-Ribo-benzimidazole (11) (1.35 gm.) 
was converted to its anhydro product by the procedure given above. The 
aqueous solution obtained after the removal of the zinc sulfide was con- 
centrated to dr 3 Tiess and the residue extracted with hot absolute ethanol. 
This e.xtract was concentrated to diymess and the residue again extracted 
with 10 cc. of absolute ethanol. Absolute ether was added to the point 
of turbidity. The inorganic salts were removed and the filtrate concen- 
trated to a volume of about 5 cc. After 3 da 3 ’s in the refrigerator, 0.3 gm. 
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of crystals had deposited. Two reciystallizations from ethanol gave a 
product melting at 82-83°; {«]“ = -84.5° {C, 2; ethanol). For analysis 
the compound was dried to constant weight at 65° over phosphoric an- 
hydride in vacuo. The compound is extremely hygroscopic. 

Analysis— Cnlii,0,N2’2JJ,0. Calculated. C 51.6, H 6.2, N 10.9 

Found. “ 51.4, “ 5.4, “ 10.6 

llTien the sample was dried at 110° in vacuo for 24 hours, a glassy melt re- 
sulted. The loss in weight was 8.6 per cent, whereas theory calls for 14 
per cent if the water is completely removed. The picrate of this transfor- 
mation product melts at 120-125°. 

Analysis — CnHuOioNs. Calculated, N 15.6; found, N 15.5 


Permanganate Oxidation of I and II — The method used was that of 
Bistrzycki and Przeworski (12). To 5 mM of the aldo-benzimidazole and a 
few cc. of sodium carbonate solution in 100 cc. of hot water was added 
dropwise with stirring a solution of 7.9 gm. of potassium permanganate in 


400 cc. of water, until a slight excess was present. This e.xcess was re- 
moved by the addition of small quantities of the aldo-benzimidazole and 
the mixture was heated for § hour on the steam bath. The hot decolorized 
solution was acidified ivith acetic acid and allowed to cool, yielding crystal- 
line 2-benzimidazolecarboxylic acid (V), m.p. 174° (decomposition). This 
compound was converted to benzimidazole by heating at 190° until the 
evolution of carbon dioxide had ceased. After recrystallization from vater; 
the decarboxylation product melted at 171-172°, as did a mixture 
benzimidazole prepared from formic acid and o-phenylenediaminc. 
obtained from I and II in 70 per cent yields and from d-gluco-lrenzimidazo e 


in 50 per cent yields. , , .... 

Periodate Oxidation of d-Araho-henzimidazole — Because of the 1”®°^ 
of the aldo-benzimidazoles in water at room temperature, difficu J 
e.xperienced in carrying out oxidation studies. Therefore, a 35 per 
ethanol solution was used. Blank determinations showed t 
tectable amounts of periodate were reduced by the solvent. 
benzimidazole (0.522 gm., 2.195 imi) was dissolved in 50 cc. o ‘g- molar 
70 cc. of ethanol followed by 30 cc. of 0.427 m sodium periodate 1 ■ 
equivalents) were added. The solution was diluted to 200 cc. vJ 
20 cc. aliquots were removed for periodate determinations ( ^^-,^. 1 , 

and 36 hours. The consumption of oxidant was 3.1 and • cc. of 

lents (theory, 3). To a 40 cc. aliquot removed after 21 "0“^ pcrioitdo- 
10 per cent potassium nitrate were added to precipitate the e, - 
Titration to a methyl red end-point showed the presence o 
equivalents of acid (theory, 2). 
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A 10 cc. aliquot was removed after 24 hours for a formaldehyde deter- 
mination. To this ahquot were added 3 cc. of phosphoric acid and enough 
20 per cent sodium arsenite solution completely to reduce the iodate and 
periodate to iodide. This solution was then distilled under reduced pres- 
sure in the Kuhn-Roth micro acetyl apparatus, the solution bemg intro- 
duced continuously into the distillation flask. Near the end of the 
distillation more arsenite was added to reduce some iodine which formed. 
The receiver, cooled in ice, contained 25 cc. of water, to which had been 
added 2 cc. of an 8 per cent alcoholic solution of dimedon reagent and 5 cc. 
of N sodium acetate. After 24 hours in the refrigerator the formal-dimedon 
was filtered, weight 19.5 mg. (60 per cent foi 1 molar equivalent of formal- 
dehyde), m.p. 188-190°. 

For the isolation of 2-benzimidazolealdehyde larger quantities of the 
aldo-benzimidazole were used. To a suspension of 2.4 gm. of d-arabo- 
benzLmidazole in 50 cc. of water (for preparative purposes the more readily 
available d-gluco-benzimidazole can be used) a solution of 10.7 gm. of 
sodium periodate in 150 cc. of water was added. The suspension was 
shaken with cooling for 5 minutes and then kept at 4° overnight. , The 
aldehyde was then filtered and the filtrate continuous^’’ extracted with 
ether for 1 week. More aldehyde separated out of the ether. Both crops 
were combined and washed copiously inth water, weight 1.0 gm. (70 per 
cent), m.p. 235° (decomposition). Because of the great insolubility of 
this aldehyde in organic solvents no suitable recrj’stallization medium 
could be found. 

Analysis — CeHtONj. Calculated, N 19.2; found, N 18.9 

The oxime was prepared. After recrj'stallization from an ethanol-water 
mixture the melting point was 213-215°. 

Analysis — C 8 H;OX 3 . Calculated, N 26.1; found, N 25.8 

The dinitrophenylhydrazone was prepared in an acetic acid medium. 
This derivative is extremely insoluble but could be recrj'stallized from 
a large volume of ethanol, m.p. 309-311°. 

4nal!/sis— C„H.oO<]V.. Calculated, N 25.8; found, N 25.9 

Ultraviolet Absorption Spectra — The absorption spectrum of d-.xj'lo- 
benzimidazole and of its transformation product was obtained from the 
aqueous solution and compared with that of d-gluco-benzimidazole. A 
solution of d-gluco-benzimidazole h 3 ’drochloride with the theoretical quan- 
titj' of sodium bicarbonate to react with the hj’drogen chloride was diluted 
to a concentration of 0.050 niM per liter. Similar solutions of d-XA'lo-ben- 
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zimidazole hydrochloride with sodium bicarbonate (concentration 0.054 
mM per liter) and of anhydro-d-xylo-benzimidazole were prepared for the 
determination. The extinction coefficients showed two maxima and two 
minima, as indicated in Table I. 

N-Bemyl-anhydro-d-xylo-henzimidazole — Anhydro-tf-xylo-benzimldazoic 
(0.90 gm.), 1 molar equivalent of a 1.5 n sodium methoxide solution, and 
0.50 cc. of benzyl chloride were added to 25 cc. of absolute ethanol and re- 
fluxed for 12 hours. The mixture was concentrated to a few cc. and filtered. 
The crude benzyl derivative was washed with water and recrystallized from 
ethanol, m.p. 2i5-217°; yield 0.7 gm. 


Analysis — CisHisOjK'j. Calculated, N 9.0; found, N 9.0 

Isopropylidene-anhydro-d-arabo-bemimidazole — To 1 gm. of the anliydro- 
arabo-benzimidazole suspended in 200 cc. of dry acetone was added 0.5 ce. 
of concentrated sulfuric acid. The mixture was shaken until solution was 
complete (2 days). Dry ammonia gas was used to neutralize the sulfunc 
acid. The ammonium sulfate was filtered, and the filtrate decolorized 
with carbon and concentrated to dryness in raciio. The crystalline residue 
was recrystallized twice from water, yield 0.45 gm., m.p. 194-198°. This 
product contains 5 molecules of water of crystallization which may 
removed at 100° in vacuo (calculated, HsO 25.7 per cent; found, 2G.0 per 
cent). The anhydrous product melts at 195-196°; [a]n “ —144° ((-t 
ethanol). 


Anafi/sis— CnHuOjNj. Calculated, N 10.8; found, N 10.8 

Neutral Periodate Oxidation of Anhydro-d-xylo-, d-arabo-, and 
benzimidazoles — The anhydro-xylo derivative (0.490 gm.) was dissote 
in 50 cc. of hot water and quickly cooled. Before crystallization 
25 cc. of 0.427 M sodium periodate (4.8 molar equivalents) were a 
and the solution made up to 100 cc. After 24 hours, a 10 cc. aliquot s 
a consumption of 3.99 molar equivalents of periodate (theory, )• 
ivas no change at 36 hours. , 

The determination of acid on a 10 cc. aliquot carried out as 
above showed the presence of 2.4 molar equivalents of aci ' 
titrations with methyl red as the indicator on a mixture of 2 mo cs ^ 
acid and 1 mole of 2-benzimidazolecarboxylic acid (V), of 

is theoretically present at the end of the oxidation, showe 2.7 

2.7 moles of acid. Theory for the periodate oxidation is 
moles. V is 70 per cent neutralized at the methyl red eii 

A formaldehyde determination on a 10 cc. aliquot conduc c ^ 
above yielded 34.4 mg. of the formal-dimedon derivatn c- 
cent of the amount calculated for 1 molar equivalent o o 
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The anhydro-d-arabo-benzimidazole (0.600 gm.) was treated with 30 cc. 
of 0.427 M sodium periodate (4.69 molar equivalents) in the manner de- 
scribed above. In 24 hours 4.10 molar equivalents of oxidant had been 
consumed and 2.4 molar equivalents of acid were produced. A 10 cc. 
aliquot gave 49.0 mg. of the formal-dimedon derivative. This is 46 per 
cent of the amount calculated for 1 molar equivalent of formaldehyde. 

The d-ribo-beuzimidazole transformation product (51.2 mg.) was treated 
ivith 11.5 molar equivalents of sodium periodate in 10 cc. of water. After 
2 hours, 2-benzimidazolecarboxylic acid (V) began to crystallize out of the 
solution. In 4, 23, and 36 hours, 3.8, 4.0, and 5.0 molar equivalents of 
oxidant had been consumed. (This is based on a molecular formula 
CUH 12 O 3 N 2 -21120). After the periodate determinations were completed, 
the iodate was reduced vuth arsenite and the solution distilled into a re- 
ceiver containing the dimedon reagent. A 35 per cent yield of the formal- 
dimedon was obtained. 

Periodic Acid Oxidation of Anhydro-d-xylo-benzimidazole — The anhydro- 
benzimidazole derivative (1.1005 gm.) was dissolved in 71.9 cc. of 0.292 
N periodic acid (4.2 molar equivalents) and made up to 100 cc. 3 minutes 
after solution the rotation was -1-0.75°. 7 hours later the value had fallen 
to -f 0.34° and crystals began to appear, making further observation of the 
rotation impossible. The solution was filtered at the 9th hour, the rotation 
being -f-0.27°, 3.33 molar equivalents of oxidant having been consumed. 
After 11, 24, 32, 48, and 56 hours the rotations were -f0.23°, -1-0.17°, 
4-0.10°, 4-0.08°, and 4-0.08°, and the molar equivalents of oxidant con- 
sumed were 3.43, 3.66, 3.74, 3.82, and 3.85, respectively. 

The crystals of 2-benziniidazolecarboxylic acid (V) that separated were 
collected and washed with water, weight 0.601 gm. (79 per cent), m.p. 
174° (decomposition). V was identified as described above. 

Periodate Oxidation of Bomyl-d-glucuronide and a-Methyl-d-galacturonide 
Methyl Ester — To a solution of 0.6435 gm. of bomyl-d-glucuronide in 50 cc. 
of water were added 30 cc. of 0.433 M sodium periodate (7.21 molar equiva- 
lents) and 20 cc. of water. Periodate determinations at the ex-piration of 
J, 1, 4|, 9, 14, and 38 hours showed the consumption of 2.96, 3.23, 4.38, 
4.97, 4.97, and 5.04 molar equivalents of oxidant (theory, 5) and acid 
determinations showed the presence of 2.04, 2.42, 3.94, 4.85, 4.97, and 4.97 
molar equivalents of acid (theorjq 5). 

For the isolation of oxalic acid, an oxidation was made as described above 
with 0.484 gm. of the glucuronide. The solution was extracted continu- 
ously with ether for 3 days. The ether was extracted with bicarbonate, 
and the extract acidified with acetic acid and treated with excess calcium 
chloride. 

Calcium oxalate monohydrate (0.1655 gm., 85 per cent) was collected. 
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This amount of oxalate inquired 22.00 cc. of 0.0990 x pennanganatc, 
theory, 22.90 cc. 

20 gm. of bomyl glucuronide in 2 liters of water at 4° were added to a 
solution of 60 gm. of sodium periodate in 2 liters of water, also at 4°, and 
kept at this temperature for 4 days. After a few hours droplets of homy! 
formate began to appear. Hie mixture was extracted nith ether, the ether 
washed ■^^•ith water, and the solution dried over sodium sulfate. Tlie ether 
was remo%'ed and the residue distilled at 15 mm. Tlie fraction distilling 
at 97-98° was collected, jdeld 4 gm. 

Analysis — C hHjsOj. Calculated, C 72.5, H 9.9; found, C 72.3, H 10.1 

a-Methyl galacturonide methyl ester hydrate (0.5085 gm.) was dissolved 
in 50 cc. of water and 30 cc. of 0.433 si sodium periodate (6.12 molar eqiiira- 
lents) and 20 cc. of water were added. At the expiration of -1, 1, 3, 7, H, 
and 36 hours, 3.49, 3.80, 3.86, 4.39, 5.03, and 5.24 molar equivalents of 
periodate were consumed (theory, 5), with the production of 0.89, 1.05, 
1.22, 2.27, 3.05, and 3.99 molar equivalents of acid (theory, 4). 

Lead Tetraacetate Oxidation of 1' ,4' -Anhjdro-d-ardbo- and j|/?o-hrn:i- 
midacoks — The anhydrb-benzdmidazole derivative (0.1300 mg.) 
weighed into a 200 cc. %’olumetric flask and dissolved in 10 cc. of glacial 
acetic acid. Then 190 cc. of 0.0662 .m lead tetraacetate (21.3 molar equiva- 
lents) in glacial acetic acid were added with rapid mixing. Aliquots of 5 cc. 
were removed for the lead tetraacetate determinations made according to 
Hockett (6). In 3 minutes the arabo derivative consumed 2.5 molar 
equivalents of the oxidant and the xylo derivative 0.5. The arabo dern.a- 
tive had consumed 4.00 molar equivalents of the oxi<^ant in 4 hours w 
the xjdo derivative required 5 hours. In 96 hours both compounds a 
consumed 6 molar equivalents of oxidant and furtlr.r consumption of oxi 
dant was extremely slow. 6 molar equivalents of oridant are 
theory if the 2 molar equivalents of formic acid are also oxidized, 
samples were o.xidized simultaneously and kept at 20°. ■ -j . i to 

Conversion of Avhydro-d-xylo-, arobo-, hjro-, and Tibo-hcminii 
S~(a-Fnryl)bcnzimidazok(JX) — The anhydro-benzimidazole dern atnc 
gm.) was refluxed with 5 cc. of acetic anhydride for 2 hours. The 
was decolorized with carbon, concentrated in vaevo to 1 cc., an co 

the refrigerator. Long needles of IX separated and were filtcre 

crystallized from 50 per cent ethanol-water mixture, yield 0. 

286-290°. Comparable yields were obtained from all four ot t ie ^ 
benzimidazoles. The melting point of a mixture of IX an -pp, 

prepared from furoic acid and o-phenylenediamine showed no 
■Weidenhagen (14) reports the melting point as 2S5-2S6 . 
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^7ia?»/s!5— CuHjONj. Calculated, N 15.2; found, N 15.2 

IX is readily sublimed at about 150“’. l^Tien d-arabo-benzimidazole was 
treated with acetic anhydride as described above, product IX was not 
obtained. 


SmiMARY 

1. Periodate and permanganate oxidation and ultraviolet absorption 
spectra of the product obtained by condensation of d-xylonic acid with 
o-phenylenediamine at 135° show it to be d-xylo-benzimidazole. Per- 
manganate oxidation yielded 2-benzimidazolecarboxylic acid and periodate 
oxidation yielded 2-ben2imidazolealdehyde, formaldehyde, and formic acid. 

2. d-Xylo-, d-arabo-, d-lyxo-, and d-ribo-benzimidazoles are transformed 
by heating at 180° in the presence of zinc chloride and hydrochloric acid 
to jdeld 2-(l',4'-anhydrO'd-pento-tetrahydroxybutyl)benzimidazoles. 

3. The structure of the anhydrides was indicated by their consumption 
of 4 moles of periodate to yield 2-benzimidazolecarboxylic acid, formalde- 
hyde, and formic acid, and by their conversion to 2-(Q'-furyl)benzimidazole 
by heating with acetic anhydride. 

4. The oxidations of the anh3’’dro-aldopento-benzimidazoIes by periodate 
have been interpreted to involve the oxidation of an «-hydrogen, activated 
by a carboxyl and an aldehj'de group. This interpretation is substantiated 
by the behavior of bomyl-d-glucuronide which consumes 5 moles of peri- 
odate yielding bomyl formate, oxalic and formic acids. 
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THE PRINCIPAL ALICALOIDS OF SABADILLA SEED AND THEIR 
TOXICITY TO MUSCA DOMESTICA L.* 
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KARL PAUL LINK 

(From the Departments of Biochemistry and Economic Entomology, College of 
Agriculture, University of Wisconsin, Madison) 

(Received for publication, March 19, 1945) 

In 1819 Pelletier and Caventou announced the isolation of a basic sub- 
stance from sabadiUa seed (1) and later associated the name “veratrine” 
■with this material (2). Veratrine, ■which is the term now used to describe 
the alkaloid mixture from sabadilla, has long been Ioiomti for its medicinal 
uses and its toxicity to certain species of insects. The powdered seed 
itself has been tested and used as an insect repellant. In a recent review 
on the uses of sabadilla Allen et al. (3) reported the effectiveness of kerosene 
extracts of groimd sabadilla seed (Schoenocaulon sp.) against the house-fl}’’, 
Mxjisca domeslica L. The present work was undertaken to determine the 
constituents of the seed which are responsible for the toxicity. 

Confusion exists in the early literature regarding the individual alkaloids 
present in sabadilla. A critical discussion of the early work is given^ by 
Wright and Luff (4). According to Heniy ((5) pp. 628-632), cevadine, 
C32H49O9N, and veratridine, CseHsiOxiN, are present in the greatest quan- 
tity. In addition, the presence of cevadilline (sabadilline), CsiHesOsN (4), 
and sabadine, CjgHsiOgN (6), has been reported. Of the alkaloids reported 
as present, cevadine and veratridine have been investigated most exten- 
sively. Although the general chemical nature of these alkaloids has been 
established, their exact structure is still unknown. An idea of their com- 
plexity can be obtained from the excellent fundamental work of Craig and 
Jacobs (7) on the structure of cevine, a common hydrolj'sis product of both 
cevadine and veratridine. . . 

Though the sabadilla alkaloids are soluble in kerosene to only a limited 
extent (0.1 to 0.2 per cent), we have found that they are responsible for 
the toxicity of kerosene extracts of sabadilla seed to house-flies. The 
methods existing in the literature for the isolation of the individual alka- 
loids (4, 8) do not account for the bulk of the alkaloid mixture. Hence it 
appeared desirable to study the alkaloid mixture with other methods to 
realize a more complete recovery of the alkaloids and of the total toxicitj . 

* Published with the approval of the Director of the Y isconsin .t^cultiwal 
Experiment Station, and supported through special grants from the ra ua c e 
search Committee of the University, Office of Professor E. B. Hart, ma e a\ai a c 
by the 'Wisconsin Alumni Research Foundation. 
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By passing a benzene solution of the alkaloid mixture through a column 
of activated aluminum oxide, then washing with benzene and eluting 
chloroform and 95 per cent ethyl alcohol, it was possible to effect a partial 
separation into three fractions which differed in optical rotation ad 
toxicity. By treating the benzene-soluble bases noth dilituric acid (5-nitro- 
barbituric acid) according to Redemann and Niemann (9), the crj'Etallme 
diliturate of cevadine was isolated together with some veratridine dilituratc. 
From the chloroform eluate, which was the most toxic, veratridine dililu- 
rate was obtained by the same process. The free bases could readilp be 
obtained from these derivatives by treatment ndth aqueous alkali and 
extraction ivith ether. The alcohol eluate was the least toxic fraction and 
^no crystalline products could be isolated from it. The cevadine was 
identified by its hydrolysis to cevine and a-methylcrotonic acid (tiglic and 
angelic acid) after the procedure of Freund and Schwartz (10). 


Cj;H.»0,N + H,0 = CjtH.jOiN + CsH,Oj 
Cevadine Cevine a-Methylcrotonic acid 

The veratridine was identified by its hydrolysis if cevine and verafric acid 
according to Blount (8 ) : 


C«He,Oi,K -b H,0 = CstHijO.N -b C.HuO, 

Veratridine Cevine Vcratric acid 

Veratridine proved to be verj’’ toxic, a solution of 42 mg. in 100 cc. oi 
kerosene having an 0. T. I. rating of -b34.' Cevadine was fairly ® 
solution of 80 mg. in 100 cc. of kerosene having an 0. T. I. rating of t • 
The bases (of the chloroform eluate) from the mother liquor after 1^*® ^ , , 
tion of veratridine diliturate W'ere less active than the ori^al alka oi 
mixture, showing that the high toxicity of the chloroform eluate was «c 
largely to veratridine. Cevine and cevine dibenzoate were both to a 
inactive in knockdown and kill, Veratridine at 20 mg. per 100 cc. a 
cevadine at 42 mg. per 100 cc. resulted in practically complete knoc oi ^ 
in 3 minutes. Fig. 1 gives the concentration-mortality curves 
tridine, cevadine, and the alkaloid mixture. The cum for the 
is included for comparison. It shows that veratridine ^ ^ .jj ,5 
the other substances in toxicity in kerosene to house-flies and t a ce 
and the alkaloid mixture exhibit a slightly greater activj j 

pjTethrins. jclj- 

Sabadilla seed has a high oil content (18 to 19 per cen )■ 
lively high concentrations of the oil in kerosene were j-jowti 

fly, high knockdowns but low mortalities were obtaine . c 

iThe significanco of the Official Test Insecticide rating is gi'cn ' 

“Biological assay.” 
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Fig. 1. Concentration-mortality curves of the sabadilla alkaloids in kerosene 
against the house-fly and a comparison with the pyrethrins. 


Table I 

Toxicity of Sabadilla Alkaloid Fractions and Sabadilla Oil in Kerosene to House-Fly 





Toxicity 

SubsUnce tested 

Kerosene 

Per cent 
knockdo^^'n 

o.T.r. 






Bases from soluble diliturates of | 

vtf. per JOO <c. 

Si 

100 

100 

-21 

CHClj eluate 

42 

100 

100 

-23 

Cevine 

so (Saturated solution) 

0 

0 

-49 

" dibenzoate 

24-36 (Saturated solu- 

0 

0 


Sabadilla oil 

tion) 

2200 

78 

85 

-47 


9600 

88 

97 

-43 

Oil extracted with HCl 

50% solution (by volume) 

0 

0 


Alkaloids from sabadilla oil 

84 

100 

100 

-18 

Kerosene 

170 

0 

0 

-f40 

-50 


* See the section on “Biological assay” for the method of testing and the signifi- 
cance of the Official Test Insecticide rating. 


was eliminated when the oil was first extracted with dilute hydrochloric 
acid. From 100 gm. of sabadilla oil were isolated 1.2 gm. of alkaloids pos- 
sessing a toxicit 5 '' similar to that of cevadine (see Table I). 
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BIOLOGICAL ASSAY 

The biological activity of the fractions was evaluated in kerosene as a 
contact insecticide to house-flies by a procedure previously described by 
Allen et al. (11). 3 cc. of a kerosene solution of the fraction to be tested 
were atomized into the upper end of a bell jar and flies raised under stand- 
ard conditions were exposed to the settling mist for a period of 2 minutes. 
Both knockdown and kill were recorded. 

To record relative toxicity, samples were compared with a standardized 
insecticide, Official Test Insecticide (O. T. I.). This insecticide is of such 

Table II 


Chromaiographic Adsorption of Sabadilla Alkaloids on Aluminum Oxide 






, ,20* 


BBi 


Fraction or eluate No. 

Base 

'“'d 







in alcohol 


O.T.r.n* 




mg. 


mg. per JOO (C. 


1 

Benzene filtrate 

824 

H-lO.l 

84 

-16 






44 

-3S 

2 

il 

washing 

389 

-f9.3 

84 

-f20 





44 

-29 

S 

ft 

ti 

19 




4 

CHCl, 

eluate 

547 

+8A 

86 

•fSf 






44 

-]2 

5 

t( 

II 

329 

+5A 

86 1 





1 


44 


6 

it 

it 

157 




7 

tf 

1 1 

57 




8 

9 

II II 

Ethanol eluate 

16 

360 

-6.7 

86 

-44 






44 


10 

ri 

it 

58 




.11 

it 

ft 

18 



— 


* See the section on “Biological assay” for the significance of the Offic" 


Insecticide rating. 

strength that it is equivalent to a 50 per cent kill as described ^ 

The toxicity measurements in Tables I and II are given as • ■ 
which are calculated by subtracting the average per cent 
ard from that of the unknown. Thus a solution of '.jjg ctand-ard 

a negative rating, while one giving 40 per cent more ki ® j 
insecticide is considered a -1-40 rating. The values p^r cap’- 

ll represent the averages of six cages of thirty-fiw to ° ^ • ffactios 
The kerosene used in the tests was a highly re e ^ ginebir 
known as “Sinclair insecticide oil base,” obtaine ro 
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Refining Company. As shown in Table I, the kerosene itself gives no kill 
and no knockdown. 

The test samples were prepared by adding the sabadilla fractions to kero- 
sene and heating on a steam bath to facilitate solution. The solutions 
were then cooled and filtered. 


EXPERIMENTAL 

Extraction of Sabadilla Seed with Petroleum Ether — ^The sabadilla seed 
was ground to 30 mesh and extracted with petroleum ether (Skell 3 'solve A) 
in a Soxhlet extractor for 30 to 40 hours. The oil content was 18 to 19 per 
cent. It contains only traces of alkaloid. 

Isolation of Alkaloid Mixture — ^The dried oil-free seed was extracted in a 
Soxhlet apparatus with acetone for 2 days. The acetone extract (from 1 129 
gm. of original seed) was concentrated to a syrup. The syrup was dissolved 
in 250 cc. of ethanol and the resulting dark solution poured into 4 liters 
of water containing 60 cc. of 10 per cent hydrochloric acid. The mixture 
was stirred well and filtered. Extraction of the filtrate with ether removed 
ether-soluble acidic and neutral substances. The aqueous phase was made 
alkaline with sodium hydroxide, whereupon a white precipitate of the 
alkaloids was obtained. The mixture was extracted with ether and the 
ether extract concentrated to "dryness. By removing the last traces of 
ether in vacuo, the alkaloid mixture was obtained as a white fluffy amoi^b" 
ous mass. The average yield of alkaloid was 2.7 per cent of the original 
seed. The toxicity of the mixture is given in Table I and Fig. 1. 

Fractionation of Alkaloid Mixture by Adsorption on Aluminum Oxide 
3 gm. of the alkaloid mixture (WS* = -|-2.9° in ethanol, C — S) were 
dissolved in 100 cc. of benzene and passed through a column of activated 
aluminum oxide (22 X 240 mm.). The column was w'ashed first with 
benzene (Fractions 1 to 3 (Table II)) imtil most of the benzene-soluble 
material had been removed from the column. The process was repeated 
with chloroform as the eluting agent (Eluates 4 to 8), followed by 95 per 
cent ethanol (Eluates 9 to 11). Successive 100 cc. fractions of the wash- 
ings and eluates were collected, concentrated to dryness in vacuo, and the 
residues weighed. Table II lists the amounts obtained in each fraction, 
their specific rotations in ethanol, and their toxicities to hou^-flies. 
total amount of material recovered from the column was 2.77 gm. (9 . 
per cent). 

Isolation of Cevadine — 1 gm. of the combined benzene vashmgs an .o 
gm. of dilituric acid were dissolved in 40 cc. of boiling water. On coo mg, 
a gum separated out which became crj'stalline after standing 
It was purified by recrystallization from water (Diliturate I). The yie^ 
was 0.9 gm. Diliturate I crystallizes with about 10 molecules of water m 
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pale j^ellow crj'stals -wliich melt at 68-69°. On drj'ing, it becomes bright 
3 'eIIow and the anhydrous product decomposes at 220° isith previous 
darkening. 


Analysis— Cevadine diliturate, CMHijOjN'CtHsOjNs 

Calculated, C 56.53, H 6.85, N 7.33; found, C 56.33, H 6.72, N 7.29 


Diliturate I (493 mg.) was added to 50 cc, of 1 per cent sodium hydroxide 
and the mixture shaken with ether. The solid gradually dissolved. The 
ether extract was concentrated to dryness and yielded 338 mg. of cevadine 
(89 per cent yield) ([ajn’ = +10.7° in ethanol, C = 6.0). Macbeth and 
Robinson (13) report [aj^ * = +12.5° in alcohol. The toxicity of the free 
base is given in Table I and Fig. 1. 

The mirichloridc crj’stallized from alcohol in fine yellow needles vhich 
melted with decomposition at 190°. Ahrens (14) reported a melting point 
of 182° nith decomposition. 

M+en the mother liquor from the crystallization of cevadine diliturate 
had been allowed to stand for 2 weeks, a white amorphous precipitate of 
veratridine diliturate was obtained which was recrystallizcd from vnfer 
(jdeld, 0.2 gm.). Since larger amounts of veratridine diliturate ivero ob- 
tained from the chloroform eluate, it is described in the follovi’ing section. 

Proof of Identity of Cevadine — The base (520 mg.) from Diliturate I 
hj'drolyzed according to the directions of Freund and Schwartz (10). 22o 
mg. of crystalline cevine were obtained which sintered at 105° and were 
completely resinified at 172°. According to Freund and Schwartz (I t 
cevine sinters at 155-160° and becomes a transparent resin at 165-1( 
The dibemoate melted at 192-193°; Freund (15) reports 195-196 . 

The mother liquor and washings from the isolation of the 
acidified ndth hydrochloric acid and extracted with ether. The c 
extract was evaporated and the residue dissobrnd in 2 cc. of carbon rai 
containing a few drops of bromine. The mixture was allowed to ® 

2 days and the excess solvent and bromine were removed. Aftej- “ 
overnight, large crystals were obtained (36 mg.) , melting at 
dibromo derivative of a-methylcrotonic acid melts at 86-87 (1 )• 

Isolation of Veratridine — 1 gm. of the combined chloroform e ^ 

0.5 gm. of dilituric acid were dissolved in 40 cc. of boiling 
ing, a gum separated which, after standing for 2 weeks, 

The mother liquor was decanted and the residue reciysta _ 

(Diliturate II). The yield was 0.4 gm. Diliturate II separates 
as a cream-colored powder which decomposes at 
darkening. 


Analysis— Veratridine diliturate, CwHsiOuN-CiHiO+'i 
Calculated, C 56.73, H 6.43, N 6.02; found, C SC.JO, 


H C.3fl, ® 
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Diliturate II (395 mg.) was added to 50 cc. of 1 per cent sodium hydroxide 
and the mixture shaken -ndth ether. The solid gradually dissolved. The 
ether extract was concentrated to dryness and yielded 271 mg. of white 
amorphous veratridine (87 per cent yield) ([ajo ° = +7.2° in ethanol, C = 
3.9). A sample reprecipitated from a solution of the hydrochloride had 
the indefinite melting point of 155-175°. Blount (8) reports the melting 
point of 160-180°, and an [q:]^’ in alcohol of 8.0°. The toxicity of the 
veratridine is given in Table I and Fig. 1. 

The mother liquor from the isolation of the veratridine diliturate was 
made alkaline with sodium hydroxide and extracted ndth ether. The 
toxicity of the alkaloid mixture so obtained is given in Table I. 

Proof of Identity of the Veratridine — The base (212 mg.) from Diliturate II 
was hydrolyzed according to the direction of Blount (8). 91 mg. of crj’^stal- 
line cevine were obtained, which sintered at 162° and were completely resini- 
fied at 170°. The dibenzoate melted at 188-190°. 

■ The base (144 mg.) was refluxed with 0.2 gm. of potassium hydroxide in 
5 cc. of ethanol for 1 hour. The alkaline solution was concentrated to 2 cc., 
25 cc. of water were added, and the mixture was acidified with hydrochloric 
acid and extracted mth ether. The ether extract yielded veratric acid, 
which, when recrystallized from water, melted at 178-180° (29 mg.). 

■ We are indebted to Dr. Walter A. Jacobs of The Rockefeller Institute 
for Medical Research, New York, for his generosity in supplying us 

, mth a sample of cevine, to Mr. N. J. Gothard, of the Sinclair Oil Refining 
Company, for confirming our results on the toxicitj' of cevadine and 
veratridine, and to our colleague, Mr. Frederick J. Dexheimer, for carrjing 

, out many of the biological assays. 

' SUMMARY 

, 1. The alkaloids of sabadilla seed {Schoenocaidon sp.) are responsible for 

the toxicity of kerosene extracts of the ground seed to the house-fl}', Mvsca 

, domestica L. 

’ 2. By adsorption of the alkaloid mixture from sabadilla seed on a 

column of aluminum oxide, three fractions differing in toxicitj' were ob- 

* tained. Cevadine and veratridine were isolated as their crj'stalline 

' diliturates. 

' 3. Veratridine in kerosene was found to be highlj' toxic to the house-fl}'. 

' Cevadine exhibited less toxicitj'. Both alkaloids, as well as the remaining 

• alkaloid mixtures, gave verj' quick and complete knockdowns. 

f 4. Cevine and cevine dibenzoate showed no toxicitj’ in kerosene to the 
house-flj’. The oil extracted from sabadilla seed possessed knockdown 
but no killing power. 
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INCREASED PLASMA FIBRINOGEN INDUCED BY 
METHYLXANTHINES* 

Br JOHN B. FIELD, A. SVEINBJORNSSON, and KARL PAUL LINK 

(From the Department of Bioehemistry, Wisconsin Agricultural Experiment Station, 
University of Wisconsin, Madison) 

(Received for publication, March 19, 1945) 

We have previously reported that the methylxanthines, caffeine (1,3,7- 
trimethylxan thine), theobromine (3,7-dimethylxanthine), and theophyl- 
line (1 ,3-dimethylxanthme), can induce a state of hyperprothrombinemia 
in the dog, rabbit, and rat (1). These substances also protect the same 
species against the hypoprothrombinemic action of the anticoagulant 
3,3'-methylenebis(4-hydroxycoumarin) (1). The purpose of this report 
is to indicate that the administration of the methylxanthines in large 
single oral doses to the dog and rabbit raises the plasma fibrinogen level 
above the pre-test normal. 

EXPERIMENTAL 

The details of the animal experiments have already been described 
(1, 2). Fibrinogen was determined by a modification (3) of the colorimetric 
method of Folin and Ciocalteu (4), and total plasma protein by a standard 
colorimetric procedure (5). The findings from many trials in both the 
rabbit and dog will be reported in a highly condensed form. 

Representative responses obtained by feeding single doses of caffeine, 
theophylline, and theobromine to dogs are given in Table I. It is note- 
worthy that, although the response obtained in dogs from a single dose vas 
somewhat irregular, a consistent and more pronounced increase in fibrino- 
gen levels was observed when the drugs are given on consecutive days. 
The following compounds, even when fed in relatively large doses, had no 
effect on the fibrinogen values in the dog: xanthine, adenine, guanine, 
uric acid, allantoin, creatine, creatinine, urea, guanidine, and uracil. 

Representative results realized with rabbits are given in Table II. ^ Caf- 
feine, theophylline, theobromine, xanthine, adenine, uric acid, guanidine, 
and glycocyamine* induced detectable increases in the fibrinogen le\els, 
while guanine, allantoin, urea, and 6-methyluracil had no effect. 

* Published with the approval of the Director of the Wisconsin Agricultural E.v- 

periment Station, and supported through special grants from the Graduate Research 
Committee of the University, Office of Professor E. B. Hart, made available 3 t c 
Wisconsin Alumni Research Foundation. ,,, 

* This compound was kindly supplied b3’ Professor Henr3' Borsook, Ca i omia 
Institute of Technology, and we are indebted to Dr. R. T. Major, Researc epart 
Jnent, Merck and Company, Inc., Rahway, New Jersey, for the 6-methyluracil. 
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In the course of this work the total plasma protein content ivas routinely 
estimated. Substantial daily variations were noted. But it should be 
indicated that the increased fibrinogen and prothrombin levels induced by 


Table I 

Representative Effects of Single Oral Dose of Methyhanihines on Fibrinogen 
Content of Dog Plasma 


1 

1 

Dose per 
Li!o 

Plasma fibrinogen levels 

Normal and 

SJ).* 

1 day after 
feratng 

2 da>’s after 
feeding 

3 ds>*s after 
feeding 

ff^l 



mg per cent 

mg. per cent' 

mg. per cent 

mg. per cent 

VI f re 

Caffeine 

100 

271 ± 18.0 

405 

340 

288 


tt 

200 

189 ± 8.0 

186 

394 

332 

27tS 

Theophylline 

200 

156 ± 8.0 

206 

230 

2W 

1S2 

tt 

400 

189 ± 13.0 

308 

232 

235 


Theobromine. 

100 

164 db 7.0 

191 

237 

245 

21S 







— 


* s.D, = standard deviation based on not less than four consecutive daily vshf 
obtained with the same dog prior to the test. 


Table 11 

Representative Effects of Single Oral Dose of Mcthylxanthincs on Fibrinogen 
Content of Rabbit Plasma 


Plasma fibimostn Its els 



Do<e per 
Lib 

Normal and sj).* 

1 day 
after 
/ceding 

2 daj’5 
after 
feeding 

3d»>*s 

after 

/eedmg 

4 dm 
>JtK 

1 

Caffeine 

Theophylline 

Theobromine 

Xanthine 

Adenine . 

Uric acid 

Guanidine 

Glycocyamine 

50 

2.5 

50 

100 

50 

50 

SO 

50 

100 

mg. per cent 

217 ± 5.0 
363 ± 6.0 
270 ± 6.0 
312 ± 13.0 
322 ±18.0 
340 ± G.O 
398 ± 7.0 
365 ± 6.0 
362 ± 7.0 

mg. per 
cent 

39S 

535 

482 

524 

528 

460 

551 

415 

398 

( 

mg. per 
cent 

487 

491 

579 

572 

554 

429 

470 

4SS 

SOS 

nr. per 

tent 

742 

539 

524 

606 

554 

440 

461 

SOS 

429 

cent 

45S 

518 

637 

552 

371 

429 

497 

431 

tv: 

m 

177 

(37 

521 

JSs 

yn 

585 

371 


* S.D. = standard deviation based on not less than four conseculi'c 


obtained with the same rabbit prior to the test. 

the methy'lxanthines are usually not reflected by ' ^hrincy'- 

total plasma protein content. This is understanda e, « 
and prothrombin constitute but a very small pa o 
protein. 
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DISCUSSION 

The work of Tobitani (6) suggested that the methylxanthines have an 
effect on fibrinogen formation. He found that substances containing the 
guanidine nucleus shorten the coagulation time by not only increasing the 
formation of thrombin but also by simultaneously elevating the blood 
fibrinogen (6). 

The present evidence on the influence of methylxanthines on the fibrino- 
gen levels of the dog is supported by additional unpublished experiments.* 
In this study it was possible to maintain the pre-test fibrinogen levels 
vithin the normal range by the prophylactic administration of methyl- 
-xanthines to dogs given toxic doses of chloroform. In the absence of 
methylxanthines, chloroform produces a marked diminution of plasma 
fibrinogen (7, 8). 

The greater sensitivity of the rabbit to substances affecting the fibrinogen 
level merits comment. Detectable increases occurred in the rabbit after 
feeding as little as 1 to 2.5 mg. per kilo of the methylxanthines. The re- 
sponse of the dog was generally less consistent. A minimum dose of 75 
fo 100 mg. per kilo of the methylxanthine was required to produce a demon- 
strable effect. Xanthine, adenine, uric acid, guanidine, and glycocyaminc 
significantly increased the plasma fibrinogen in the rabbit but not in the 
dog. Furthermore, in rabbits fed 25 to 50 mg. per kilo of the methyl- 
.xanthines, the increase in fibrinogen values persisted for 2 to 3 weeks before 
pre-test levels were reestablished. This effect is detectable for onlj' 3 to 4 
days in the dog. 

The possibility that the methylxanthines increase the fibrinogen level 
by causing hepatic injury was explored via the bromosulfalein retention 
test (9). No change from the normal retention was detected. It would 
therefore appear, as suggested previously ((1) p. 734), that the methyl- 
xanthines produce a stimulation of hepatic function which results in in- 
creased plasma fibrinogen. 

SUMMARY 

1 . The oral administration of the methyl.xanthincs, caffeine, theobromine, 
and theophylline, to dogs and rabbits raises the level of plasma fibrinogen. 
Xanthine, adenine, uric acid, guanidine, and glycocyaminc increased the 
fibrinogen in the rabbit but not in the dog. 

2. The rabbit was markedly more susceptible to the fibrinogen-increasing 
capacity of methylxanthines than the dog. Depending on the dose, an 
increased fibrinogen level may persist in the rabbit for 2 to 3 weeks. 

’ Field, J. B., Graf, L., and Link, K. P., in preparation. 
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PYRUVIC OXIDASE OF PROTEUS VULGARIS 

By P. K. STUMPF* 

{From the Deparlmcnls of Medicine and Biochemistry, College of Physicians 
and Surgeons, Columbia University, New York) 

(Received for publication, April 18, 1915) 

ourm^'ln intoaivide variety of reactions in bacterial metab- 

ousm In the presence of inorganic phosphate, cell-free extracts of 
adohamlhisdelbmeckn (1) oxidatively decarboxylate it to acetyl phosphate 

(hsirr^-?; prepared from Clostridium buiylicum (2) 

dissunilates it to acetic acid, and CO. Escherichia coli (3, 4) contains 
an enzyme which catalyzes the phosphorylative dissimilation of pyruvic 
^ phosphate and formic acid; and Aerohactcr aerogenes (5) 
contams an enzyme which induces the condensation of pyruvic acid to 
acetylmethjdcarbinol ivith liberation of CO. In all four of Jhese reacrions 

natn^Tf necessar)^ Lipmann (6, 7) has elucidated the 

ture of this phosphate reqmrement by shoiring that in the breakdown 
pyruvic acid morganic phosphate is taken up to yield acetyl phosphate 
wb- b investigation deals irith a type of bacterial pyruvic oxidase 

wmcn does not require inorganic phosphate and catalyzes the oxidation of 
pynmo acid to acetic acid and COj nith liberation of much free energj’ 

In caihoxylases from yeast and animal sources, the prosthetic group is 
phosphothiamine in conjunction with magnesium (9, 10). The pyruidc 
acid oxidase of Lactobacillus delbrueckii (1) contains flavin-adenine-dinu- 
tF° * essential component in addition to magnesium and diphospho- 

amme, but this dinucleotide appears to be unnecessarj"^ for those pyruvic 
0X1 ases which do not require inorganic phosphate. 

roteus vulgaris contains an enzyme which, in the presence of diphospho- 
anune and a bivalent metal ion, specifically catalyzes the o.xidative 
aecarboxylation of pyruvic acid to acetic acid and CO. Inorganic phos- 
Pnate is not required in the reaction. 

Preparation and General Properties — Fresh suspensions of Proteus vtdgaris 
e used for the preparation of an active enzyme. Bacterial sus- 
pensions, stored at about —50° for a period of several months, yield inactive 
preparations. 

Tv o methods for disintegrating bacteria were employed ; namely, e.xpo- 

rnp-n^^t^ a dissertation submitted b 3 ' the author in partial fulfilment of the require- 
jjj degree of Doctor of Philosophj' in the Facultj' of Pure Science, Colum- 

HTb i This work has been supported b 3 - a grant from the John and Man- R. 

“e J^oundation administered by Dr. D. E. Green. 
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sure to ultrasonic irradiation (11) and crushing bj' the Booth-Green mil! 
(12). After either of the two treatments, intact cells and cellular debris 
were removed by repeated centrifugation. In both cases the supernatant 
juice was opalescent and pale yellow in color. The enzyme could be 
concentrated with little loss in activity by precipitation vith acetic acid at 
pH 4.3. A concentrated enzyme solution showed large losses of activity 
when held at about — 50 ° for as little as 24 hours, but at 4° was stable over 
a period of several weeks. 

The enzyme tolerates exposure to 60° for 5 minutes at pH 7 vitli little 
loss in activity, but exposure to 70° and 75° for the same period leads 
respectively to 50 per cent and 100 per cent inactivation. Dialysis against 
distilled water or 0.1 per cent saline causes no loss in activity, ■whereas 
dialysis against 0.02 m phthalate buffer at pH 4.0 or against 0.02 Ji phos- 
phate or 0.02 M pyrophosphate buffer at pH 8.8 is accompanied by complete 


Table I 

Fractional Centrifugation of Enzyme 


Stage 

Grav!' 

tationai 

iield 

Cratrifu* 
gat'ion time 

Pa 

1. Fresh cell suspension 

S 

\ 

mn. 

325 

2. Supernatant after ultrasonic disintegration and 
1st centrifugation 



102 

3. Supernatant of (2) after 2nd centrifugation 



2SS 

4. Sediment of (2) after 2nd centrifugation 

9.700 1 

60 

60 

5. Supernatant of (3) after 3rd centrifugation 


45 

0 

6. Sediment of (3) after 3rd centrifugation 


45 

410 


* C.mm. of oxygen per hour per mg. of bacterial nitrogen. 


loss of activity which is not restored by the addition of boiled bactena, 
boiled enzyme, yepst extract, or flaxdn-adenine-dinucleotide. Acetone 
precipitation in the cold ( — 10° at pH 7) inactivated the enzyme com 
pletely. Exposure of the enzyme preparation to ultrasonic irradiation 
for 30 minutes causes no inactivation. ^ 

The enzyme appears to be associated vith macro particles vhic i a 
sedimented in strong centrifugal fields (see Table I). It has 
pH ranging from 5.5 to 6.1, depending on the buffer 
Activity in the three buffere tested, acetate, phosphate, and p ) m ' 
falls sharply below pH 5.3 and above 6.7. In phosphate buffer t . 

is completely inactive above pH 7.6. Below pH 5.3 there is con.u 
aggregation of particles. . gyt,. 

Enzyme activity was followed for the most part manome ' .pof 
stitution of oxygen for air in the gas phase had no influence on i 
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oxygen consumption, indicating that the limiting reaction was not the 
rate of oxidation of the reduced enzyme by oxygen. In the presence of 
pjTTivic acid, the enzj'me system slowly reduced methylene blue anaerobi- 



Fig. 1. Reaction velocity aa a function of pH. Each manometer vessel contained 
0.5 cc. of enzyme, 0.5 cc. of 0.2 M lithium pyruvate, 0.5 cc. of 0.5 u buffer, 0.1 cc. of 0.2 
per cent manganese sulfate, 0.1 cc. of 0.1 per cent diphosphothiamine. Final volume 
3 cc.; NaOH in center pot; temperature 38°. The following symbols indicate the na- 
ture of the buffer; • acetate, A phosphate, ■ phthalate. 



Fig. 2. Reaction velocity as a function of substrate concentration. Each manom- 
eter vessel contained 0.5 cc. of enzyme, 0.1 cc. of 0.2 per cent manganese sulfate, 0.1 
ec. of 0.1 per cent diphosphothiamine, 0.5 cc. of 0.5 M acetate buffer at pH 6.0. Final 
vo uine 3 cc.; NaOH in center pot; temperature 38°. 

As an electron acceptor, however, methylene blue is only 11 per cent 
as efficient as oxygen. 

Pig. 2 shows the relation between reaction velocity and substrate concen- 
tration. The molar concentration of substrate at which half the maximum 
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velocit3' is reached is about 5 X IQ-’. Above 20 X 10 “’ m, increase in the 
concentration of substrate does not lead to any change in the velocity of 
oxidation. 

Reaction — ^The oxidative decarboxylation of pyruvic acid follows the 
equation 


( 1 ) CH.COCOOH + iOj CHjCOOH + CO2 


Anaerobicallj', no disappearance of pyruidc acid has been obsen^ed. Either 
anaerobicallj’ or aerobicallj’’, the addition of methjdene blue, riboflavin, 
flaviil-adenine-dinucleotide, or inorganic phosphate did not alter the nature 
of the reaction. It therefore seems improbable that either a hj"drocla.sfic 
reaction* or a disrautation takes place as an intermediary step. Since a 
possible condensation product, acetylmethylcarbinol, and its oxidation and 
reduction products, diacetjd and 2 , 3 -butylene glycol, were found to be 
completelj' unreactive in the presence of the enzyme system, it would also 
seem improbable that a preliminary condensation of 2 molecules of pyrmic 
acid ■with subsequent oxidative disruption of the labile condensation 
product to 2 molecules of acetic acid and CO2 could take place. The 
possibility that the actual mechanism might be a simple two-step reaction, 
the first step being a decarbox3dation and the second a rapid oxidation 
of the formed aldehyde, is excluded because CO2 is not produced under 
anaerobic conditions and the enz3rme does not oxidize acetaldelyde. 
Finall3’’, the h3’pothesis of a condensation of p3'ruvic acid with specific 
amino groups to form a Schiff base, which is then rapidly disrupted to acetic 
acid, CO2, and the regenerated amino group, has been considered, but 
available experimental data do not justif3' a decision concerning its vnlid- 


ity. 

The evidence at hand merely suggests that, since phosphate is noc 
involved in the reaction, the pyruvic acid possibly forms an unstable I13'- 
drate which is deh3’drogenated to acetic acid and COj in the presence of the 
specific enzyme system and oxygen. 

There is no evidence as to the type of electron acceptor iramediatclv 
responsible for the oxidation of the substrate. Since magnesium and zinc 
are effective bivalent cations, the role of manganese as a possible electron 
acceptor must be ruled out. The possibility that the C3dochrorae 
acts as a bridge between the substrate and o.xygen is likcai.^e exc u , 
since sodium azide (final concentration 1 -m) ( 13 ) docs riot inhibit oxj gen 
uptake. Finall3', application of the methods of separating revera 3 ‘ 

prosthetic group from the protein moiety of the enz3'me, as dcre op 


1 Utter and Workman ( 4 ) limit the hydroclastic reaction to the j '"p^on'e 

tic disruption of p3'ruvic acid to formic and acetic acids by cither n a P 


acid. 
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Warburg and others (M, 15), has yielded either a partially or completely 
inactive enzj'me, the activity of which could not be restored on addition of 
fiam-adenine-dinucleotido, yeast extract, boiled bacteria, or boiled enzyme 

TAnu. II 

Comjioiicnts of Si/stcm 

The complete sjatem contained 1 5 cc of cnz\me, 0 5 cc of 0 5 u phosphate 
buffer at pH CO, 0 2 cc of 0 1 per cent dipliosphothiaminc, 0 1 cc of 0 2 per cent 
manganese sulfate, 0 5 cc of 0 2 m lithium pj ruvatc, and v.atcr to make a final lol- 
ume of 3 0 cc ; NaOH in center pot; temperature 3S°. 



Ox>gen uptake in 

30 min 

Complete sistem 

c mm 

157 

Without diphosphothiamine 

0 

“ mangane«e 

30 

“ substrate 

0 

“ phosphate 

152 

fiavin-adenine dmuclcotidc 

156 

" boiled enzyme 

0 


f= 

S 

O 

CL. 

a 

E 

E 

0 


P velocity as a function of diphosphothiamine concentration 

fiach manometer cup contained 0 5 cc. of enzyme, 0 5 cc. of 0 5 m acetate buffer at pH 
. 0 1 cc of 0 2 per cent manganese sulfate, 0 5 cc. of 0 2 ii lithium pyruvate Final 
0 ume 3 cc ; NaOH in center pot; temperature 38°. 

Components The pyruvic acid oxidase system consists of at least (1) 
specific protein, (2) diphosphothiamine, and (3) a bivalent cation such as 
aanganese (Table II). 

Diphosphothiamine is the specific coenzyme. Fig. 3 shows the relation- 
P etween the concentration of diphosphothiamine and the reac ion 
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velocity. Thiamine, monophosphothiamine, and pyrithiamine neither 
replace diphosphothiamine nor inhibit the reaction in vhich diphospho- 
thiamine participates. Flavin-adenine-dinucleotide, adenine pj'rophos- 
phate, and coenzyme 1 also cannot replace the prosthetic group. 

Erddently the pyrophosphate group of diphosphothiamine plays an 
important role in linking the prosthetic group to the enzyme protein. 
Inorganic pyrophosphate inhibits the activity of the enzj'me when present 
in adequate amounts, but this inhibition can be reversed by increasing the 
concentration of diphosphothiamine (Table III). Thus, a concentration 
of pyrophosphate 250 times that of diphosphothiamine brings about 91 

Table III 

Effect of Pyrophosphate on Enzyme Activity 
Each manometric cup contained 0.5 cc. of enzyme (1.46 mg. of bacterial N), 0.5 
cc. of 0.2 M lithium pj-ruvate, 0.05 cc. of 0.2 per cent manganese sulfate, 0.5 cc. of 0.5 
M acetate buffer at pH 6.0, 0.2 m pyrophosphate at pH 6.0 of varying amounts, 0.1 
per cent of diphosphothiamine of varying amounts (at pH 6.0), and water to makes 
total volume of 3.0 cc.; XaOH in center pot; temperature 37°. _____ 


Pyrophosphate 

Diphosphothiarnine 

Ox>*gcn uptake 

HBESSliSI 

if X io-i 

If X /r« 

c.mm.ptr lOnin. 



34.5 

43 


0.7 

34.5 

18 

58 

3.4 

34.5 

6 

86 

6.7 

34.5 

3 

92 

13.4 

34 5 

2 

96 

3.4 

14.0 

4 

91 

3.4 

34.0 

5 

SS 

3.4 

69.0 

9 

70 

3.4 

207 

18 

5S 

3.4 

415 

29 

32 

3.4 

690 

32 

26 


per cent inhibition. If the concentration of diphosphothiamine is rai^ 
to a level one-fifth that of pyrophosphate, inhibition becomes neglip e. 
In adequate amounts manganese, which forms an insoluble pyrophosp a e, 
also abolishes pyrophosphate inliibition. ^ 

Diphosphothiamino enz 3 ’mes can be classified into two genera group-, 
depending on the relative degrees of dissociation of the conjugate pro 
In the first group of diphosphothiamino enzjmes of which j’cast car y 

(9), P3’rutdc oxidase of Lactobacillus dclbrucckii (1), the phosp oro 
enz 3 'me of Escherichia coli (3), pyruvic ketolase, and 
lase of animal tissues (10) are examples, the coenzime is firm 3 
with the protein in neutral solution. Dissociation, however. 
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readily below pH -1.0 or above pH 8. In the second group, of which acetal- 
dehyde ketolase is an example (10), the coenzyme is completely dissociated 
even in neutral solutions. Since tlic supernatant juice obtained by cen- 
trifuging suspensions of disintegrated Proleiis viilgans has been found con- 
sistently not to catalyze the oxidation of pyruvic acid unless supplemented 
aith diphosphothiaminc, the inference might be draam that this pj’'ruvic 
oxidase is a highly dissociated diphosphothiamino protein, and that in the 
process of preparing the cell-free enzyme the dissociated coenzyme is diluted 
sufficiently to mask its action. If such were the case, then disintegrating a 
thick paste of bacteria (500 mg. dry' weight per cc.) rather than the usual 


Table IV 

Inactivation of Diphosphothiaminc by Proteus vulgaris 
Dcphosphorylation of diphosphothiaminc was demonstrated by incubating 100 y 
of diphosphothiaminc with 1 cc. of fresh Proteus vulgaris suspension in 0.5 cc of 0. 

M acetate buffer at pH C.O for 4 hours at 37°. Reaction mixtures were made up to a 
volume of 10 cc., bacteria were removed by centrifugation, and aliquots determined 


System 


1. Diphosphothiamine P. vulgaris 


la 

2 . 

2a. 


-b polidasc* 

“ -f boiled P. vulgaris 

-f “ “ + 

polidase 

Cell-free pyruvic oxidase preparation -b diphos- 
phothiamine 

Thiamine -b P. vulgaris 
“ -b boiled P. vulgaris 


‘ Cf. foot-note 6. 


Diphospbo- 

thiamine 

Thiamine 

0: uptake 
with pyruvic 
oxidase 



c.mtn. ftr 

7 

7 

10 min. 

0 

97 

0 

0 

9S 


98 

0 

28 

0 

99 


99 

0 

30 

0 

98 


n 

99 

— 


thin suspension (25 mg. dry weight per cc.) would be expected to nunimtze 
fhe dilution of coenzyme. Nonetheless, the supernatant juice, o 
by centrifuging dotvn disintegrated bacteria, is still inactive unless ip ^ 
Phothiamine is added. Moreover, whereas addition of the coenzyme o 
bacterial suspension prior to disintegration should nullify the dilution e , 
the requirement of the enzyme for diphosphothiamine is the same v e 
er not diphosphothiamine is added to bacterial suspensions prior to ism 
Sration. On the whole the evidence favors the view that, in t e , 
preparing the cell-free enzy^me, destruction of diphosphothiarmne 
place. 

As summarized in Table It', the intact bacterial cell, but not cell- ree 
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preparations, contains a phosphatase which rapidly dephosphorylates 
diphosphotliiamine to thiamine * Thiamine itself is not further attacked. 
This bacterial phosphatase probably only attacks diphosphothiamine when 
it is free and not when bound to a protein, since suspensions of Proicus vul- 
garis do not inactivate yeast carboxylase. It is therefore permissible to 
conclude that some dissociation of the oxidase must take place, but the 
precise degree of dissociation has yet to be determined. The sequence of 
events in the inactivation of the supernatant juice is then protebly (a) 
dephosphorylation of dissociated diphosphothiamine’ and (6) further disso- 
ciation of the enzyme to satisfy the equilibrium requirements. Eventually 
all the coenzyme would be inactivated in this manner. If measures could 
be taken to eliminate phosphatase action, it would be possible to estimate 
the degree of dissociation of the coenzyme. The following procedures were 
explored as means of preventing phosphatase action, but in no case with any 
success: (I) disintegration in the presence of a high concentration of fluoride 
(0.03 m), (2) rapid disintegration at 2° and prompt removal of bacteria by 
high speed centrifugation at 4° (the over-all time to prepare the cell-free 
extract being not more than 25 minutes), and (3) disintegration in acid 
solution (pH 5), in alkaline solution (pH 8), or in ammonium sulfate 
solution (20 per cent). 

In addition to diphosphothiamine, a bivalent metal is essential for the 
activity of the enzyme. The bivalent metal is firmly bound to the protein 
but can be completely split off by exposure to acid (pH 4.0) t ir about I hour 
at 0°. Other methods such as repeated precipitation by a letic acid, pro- 
longed dialj'sis against distilled ivater, or acid or alkaline buffers fail to m- 

’ Phosphatase action by whole Proteus vulgaris was demonstrated by incubating 
diphosphothiamine with fresh bacteria under defined conditions (Table IV). T e 
bacteria were spun down and aliquots of the reaction mixtures were estimated for 
thiamine and diphosphothiamine by the thiochrome method. Boiled contra s 
showed no spontaneous breakdown of diphosphothiamine. The presence 
phothiaminc was also confirmed by an equally sensitive test; tic., the addition 
aliquots of the reaction mixtures to the pyruvic acid oxidase system complete bu a 
diphosphothiamine. Oxidation of pyruvic acid, as indicated by an oxj'gen ^ ' 
revealed the presence of at least 3 7 of diphosphothiamine per cc. of reaction . J 

’ Since oxidation of pyruvic acid by the intact bacterial cell is not enhance } 
addition of diphosphothiamine, it is conceivable either that free dipliospbot . 
is present in excess in the bacterial cell or that the oxidase is not dissociated app 
ably within the cell. There is furthermore the dilemma that, f 

amine added to a suspension of bacteria is rapidly dephosplioiylated, c 
phothiaminc present in association with the oxidase appears to be sta e as 
the cell is intact. Probably pyruvic oxidase and the phospbatMe ? jjq 

into contact with one another within the cell, although diphosphothiami 
the external medium freely enters the cell and comes into rapid con sc 
phosphatase. 
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duce complete dissociation of the enzj'me or bring about partial or complete 
inactivation. Calcium, barium, cadmium, aluminum, and ferric ions are 

Table V 

Effect of Hfelal Cations on Enzyme Activity 
Each manometer cup contained 0.5 cc. of enzyme (prepared as described in the 
text), 0.5 cc. of 0.1 per cent diphosphothiamine, 0.5 cc. of 0.5 m acetate buffer at 
pH 6.0, 0.5 cc. of 0.2 ii lithium pyruvate, 0.1 cc. of 0.015 M metal cation, and water to 
make a total volume of 3.0 cc.; NaOH in center pot; temperature 37°. 


^feUl cation 

Final concentration 

Relative activity 

Manganese 

fMles per 1. X i0~* 

0.45 

100 


4.5 

100 

Magnesium 

5.0 

79 

Calcium 

5.0 

0 

Barium 

5.0 

0 

Iron (ous) 

5.0 

67 

Iron (ic) 

5.0 

0 

Cobalt (ous) 

5.0 

45 

Nickel (ous) 

5.0 

67 

Cadmium 

5.0 

0 

Zinc 

5.0 

60 

Aluminum 

5.0 

0 


(0 

_ 


1 

1 

^ 45 

_ — . 

O 



/ • 


/ ' 

Oj 


CL. 30 

7 ' 

a 

/ I 


i 



u 

» 

1 

I 1 1 1 - ! -i 1 2 , 


1 ■ 2 ' 3 ^ > 20 to » 
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Fig. 4. Reaction velocity as a function of the concentration of manganese sulfate. 
Each manometer cup contained 0.5 cc. of enzyme, 0.5 cc. of 0.2 m lithium pyruvate, 0.1 
CO. of 0.1 per cent diphosphothiamine, 0.5 cc. of 0.5 m acetate buffer at pH 6.0. Total 
volume 3 cc.; NaOH in center pot; temperature 38°. 

ineffective, but magnesium, ferrous, nickel, zinc, and cobalt ions can 
replace manganese qualitatively (Table V). The relationship between the 
reaction velocity and the concentration of manganese is shown in Fig. 4. 
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The natural bivalent metal of the enzyme system probably is magnesium, 
since traces of the metal can be detected by the quinalizarin test (10) in 
ashed enzyme preparations. Moreover, magnesium is found far more 
abundantly'^ in bacteria than are other bivalent metals (17). 

The fact that three components, viz. protein, a bivalent metal, and 
diphosphothiamine, are required promdes some basis for visualizing the 
structure of the system. Magnesium or other suitable bivalent metal ions 
can be considered as a bridge connecting thiamine pyrophosphate to the 
specific protein in the manner suggested in the formulation, protcin- 
magnesium-thiamine pyrophosphate. The hypothetical bridge cannot be 



Fig. 5. Reaction velocity as a function of phosphate concentration. Each tnao- 
ometer cup contained 0.5 cc. of enzyme, 0.5 cc. of acetate buffer, increasing amount* 
of 0.5 li phosphate buffer at pH 6.0, 0.1 cc. of 0.2 per cent manganese sulfate, O.I ro- 
of 0.1 per cent diphosphothiamine, 0.5 cc. of 0.2 m lithium pyruvate. Final volume 
3 cc.; NaOH in center pot; temperature 33°. Curve A represents pyruvic oxidase of 
Lactoiacillxis delbrueckii, Curve B that of Escherichia coli, and Curve C that of Pro- 
teus vulgaris. 


tluamine pyrophosphate, since preparations can be obtained which contain 
the metal but which are completely free of the coenzyme. Moreover, inhi- 
bition by inorganic pyrophosphate can be readily ascribed to its reversible 
uiuon with the magnesium-protein complex, thus blocking a similar 
with thiamine pyrophosphate. The importance of the pjTophosp a c 
group of thiamine pyrophosphate is further emphasized bj' the inactit i ) 
of the monophosphoric ester of thiamine as the prosthetic group. 

The enzyunatic oxidation of pyru\dc acid proceeds ^ well in the a semx 
as in the presence of inorganic phosphate in concentrations of the sam^e o - 
as that required for maidmum aetb-ity of the pyuaivic acid o.xida'e oJ ^ 
ladllm ddbrucdcii (1) (cf. Fig. 5). Siimlarly, the pyruvic acid omu.- - 
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Escherichia coli (18) does not require the presence of phosphate. In his 
studies on the oxidase of this bacterium, Still (18) noticed that the addition 
of phosphate buffer of pH 6.0 greatly increased the rate of oxidation of 
pyruvic acid. This apparent phosphate effect can, however, be attributed 
to the decrease in pH which resulted on addition of this acid buffer to his 
unbuffered enzjnne solutions. Presumably his enzyme solution had, prior 
to the addition of buffer, a pH value of about 7, at which level the activity 
of the enz3Tne is only small compared to that at pH 6.0. In the present 
experiments, when the reaction mixtures were maintained at pH 6.0 with 
0.5 M acetate buffer, activity was practically the same with or without 
phosphate (Fig. 5). 

It might be assumed that trace amounts of inorganic phosphate react 
uith pyruvic acid to form acetyl phosphate, which in turn is immediately 

Table VI 

Acetyl Phosphate Formation 

Each manometer cup contained 0.5 cc. of enzyme, 0.1 cc. of 0.2 per cent manganese 
sulfate, 0.5 cc. of 0.5 m acetate buffer at pH 6.0, 0 3 cc. of m phosphate at pH 6 0, 0.5 
cc. of M lithium pjruvate, 0.1 cc. of 0.1 per cent diphosphothiamine, and water to a 
total volume of 3.0 cc.; NaOH in center pot; temperature 37°. Acetyl phosphate 
estimated by the hydroxamio acid method of Lipmann. 


1 

Eotyme source 

1 

Oxygen vpUke 

Pyruvate 
disappearance , 

Acetyl 

phosphate 

formed 

I Proteus vulgaris 

mteromeUs 

2.0 

nicromclcs 

4.1 

micrenolts 

0 

II. Escherichia coli 

6.2 

12.1 

0 

III. Lactobacillus delbrueckii 

6.1 

12.3 

6.0 

I + III . 

8.3 

16.1 

3.2 

11 -t- “ . . 

11.9 

23.7 

3.8 


broken down to acetic acid with a regeneration of inorganic phosphate, the 
whole process being catalyzed by an extremely active acetyl phosphatase. 
In the light of Lipmann’s findings (7), that 0.03 M fluoride mhibits the break- 
down of acetyl phosphate by at least 50 per cent, one would expect that in 
the presence of fluoride any traces of phosphate would soon accumulate as 
organically bound phosphate, and the reaction would come to a standstill. 
However, 0.03 m fluoride does not inhibit the reaction either initially or 
after the reaction has proceeded for several hours. Utter and Werkman 
(4) and Lipmaim^ have recently demonstrated that the decomposilaon of 
acetyl phosphate is largely prevented by a high concentration of phosphate 
(0.1 m), with consequent accumulation of the otherwise labile product. 
As summarized in Table VI, in the presence of a final phosphate concentra- 

* lipmann, F., private communication. 
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tion of 0.1 M, no acet}'! phosphate accumulated in the o.xidative breakdoira 
of pyrunc acid catalyzed by the oxidase of either Proteus vulgaris or Escher- 
ichia coli,^ whereas vith the oxidase of Lactobacillus delbniecJm as cataly'st, 
98 per cent of the calculated amount of acetyl phosphate formed was found 
at the conclusion of the reaction. If the enzyme preparations of both P. 
vulgaris and B. coli contain extremely active acetyl phosphatases, which act 
regardless of the phosphate concentration, they should, in the presence of 
the enzyme preparations of L. delbrueckii, prevent the accumulation of 
acetyl phosphate. Experiment has shorni that in the presence of either P. 
vulgaris or E. coli a considerable proportion of the acetyl phosphate formed 
by the L. delbrueckii enzjTOC during the o.xidation of the keto acid was not 
decomposed. I'iTule an acetyl phosphatase is undoubtedly present in both 

Table VII 
Spectfictly 


Each manometer cup contained 0 25 cc. of enzyme, 0.5 cc. of 0.2 xt substrate, 0 1 
cc of 0 2 per cent manganese sulfate, 0 5 cc of 0.5 m acetate buffer nt pH C.O, ■nalcr 
to make a total volume of 3 0 cc ; NaOH in center pot; temperature 37'. 


Substmle 

Without 

diphospbothiamiDO 

VTiih . 

<iipho5photblU3HCS 

Formic acid 

c mm. per JO min. 

24 

e.mm. per 10 

23 

Glyoxylic acid 

0 

0 

Pyruvic acid 

0 

22 

a-Ketobutj'ric acid 

0 

0 

a-Ketocaproic “ 

0 

0 

o-Ketoglutaric acid 

0 

0 

Phenylpyruric acid 

4 

5 

Lactic acid. 

0 

0 

Acetoacetic acid 

0 

0 


P, vulgaris and E. coli enzyme preparations, its action is too slow to ac- 
count for the absence of acetyl phosphate as a reaction product of pymvatc 
oxidation by these two o.xidases. 

Specificity — The enzymie oxidizes only pyruvic acid. Since at pH 5.8 
the keto and enol forms of pjTuvic acid (19) are present in equal amounts, 
it is uncertain which of the two is the reactive form. 

Table VII contains a sunimaty' of the compounds which have been test • 
a-Ketobutyric, a-ketocaproic, a-ketoglutaric, acetoacetic, glyoxy'lic, an 
lactic acids are not o.xidized. Since the enzyme preparation oxidizes formic 


* Escherichia coli, grown on an agar surface in Roux bottles, docs not con 
phosphoroclastic enzyme of tVerkman ct al. (3), and hcncc the possi 1 1 } 
phosphate formation by this enzyme is eliminated. 
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and phen5dpyru\dc acids under conditions (in the absence of diphosphothia- 
mine) in wliich pyruvic acid is not oxidized, the oxidation of these two acids 
cannot be attributed to pyruvic acid oxidase. 

Inhibitors— With 0.03 m pyruvate and 0.5 cc. of enzyme, fluoride (0.3 
m), iodoacetate (0.003 m), arsenite (0.0003 m), benzoate (0.003 m), sulfa- 
thiazole (0.01 m), gramicidin (saturated solution), and azide (m) are without 
effect. Copper sulfate (0.0003 m) and capiyl alcohol (saturated solution) 
cause complete inhibition. With cyanide (0.007 m), a 30 per cent inhibition 
was observed, but this effect may not be specific, since cyanide binds pyru- 
idc acid as the cyanohydrin (20), thus lowering its effective concentration. 

EXPERIRfENTAL 

Preparation — Proteus vulgaris (strain X-19) was grown in Roux bottles on 
tryptose-phosphate agar (Difco) for 16 hours at 37°. The bacteria were 
harvested by washjng off the surface growth with small portions of 0.4 per 
cent saline, and then filtering the washings through several layers of muslin 
to remove agar particles. After hard packing in the centrifuge, the bac- 
teria were tivice resuspended and washed in 0.2 per cent saline. The final 
paste was stored at 4° in distilled water. 

Disintegration was effected by one of two methods: (a) 25 cc. of a bac- 
terial suspension containing about 25 mg. dry weight of bacteria per cc. 
were subjected for a period of 20 minutes in a 50 cc. conical flask to ultra- 
sonic vibrations, generated by a crystal-controlled oscillator operating at 
2000 volts and putting out about 600 watts. The piezoelectric crystal used 
was 1 inch in diameter and was ground to a frequency of 600 kc. To pre- 
vent overheating, the transformer oil which completely surrounded the 
crystal was circulated continuously by a centrifugal pump through copper 
coils in an ice water mixture. The temperature of the cell suspensions was 
never allowed to rise above 35°. (6) A thick cream (total volume about 35 
cc.) was circulated through a Booth-Green mill (12) for about 1§ hours, 
practically complete disintegration took place. 

The fresh juice (prepared by either method) was freed from intact ce s 
and cellular ddbris by repeated centrifugation in a conical head centrifug^ 
It was then heated to 60° for 5 minutes at pH 7.0, chilled, and acidified with 
10 per cent acetic acid to pH 4.3. The copious, white precipitate of protem 
was spun doivn at 1000 r.p.m. at 0°, the protein-free suj^rnatant discar^d, 
and the white pellet resuspended and washed twice in distilled water. e 
pellet was then resuspended in distilled water to which a few drops o 1 

per cent sodium bicarbonate had been added. Thefinal volume v as usua, y 

one-fifth to one-eighth of the original volume of fresh juice. The resu tmg 
opalescent, somewhat viscous solution was dialyzed overnight at 4 aga^ 
a large volume of 0.1 per cent saline or distilled water. This prepara ion 
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was then spun for 15 minutes at ISfiQO K.p.sr. in the high speed head of the 
refrigerated International centrifuge, No. 1, to free it of insoluble, inactive 
material. The resulting supernatant juice, used in al] experiments de- 
scribed, was slightly turbid, gave no blank, and was completely inactive 
unless diphosphothiamine was added. Less than 1 7 of either inorganic 
phosphate or acid-hydrolyzable phosphate (7 minutes at 100° in 1 n sulfuric 
acid) was present per cc. of preparation. About 65 y of organic phosphate 
per mg. of bacterial N was present. 

PjTuvdc acid oxidases of Escherichia colt (18) and Ladohacillus delbrueckii 
(1) wereprepared by themethods described above. Laciohamilusdelbrueckii 
was gro^vn for 40 hours at 37° in a broth containing 0.8 per cent Bacto-liver 
^(Difco),0.5 per cent Bacto-yeast e.xtract(Difco),2 per cent glucose (U.S.P.), 
0.8 neopeptone (Difeo), and 5 gm. of precipitated calcium carbonate 
per liter of broth. 

Reagents~l?ynivic acid was used in the form of the lithium salt prepared 
according to the method of Wendel (21). a-Ketobutjuje acid and a-keto- 
caproic acid were prepared by the method of Schoenheimer and Rivtner (22). 
Diphosphothiamine was kindly supplied by Merck and Company, Inc. 
Monophosphothiamine was prepared by the method of Lohmann and 
Schuster (23). We are indebted to Dr. D. W. Woohcy for a sample of 
pj-rithiamine hydrochloride, to Dr. H. Waelsch for a sample of phenylpyni- 
vic acid, to Dr. H. McCoy of the University of Wisconsin for a culture of 
Ladohacillus delbrueckii, and to Dr. F. Lipmann for a generous sample of 
lithium acetyl phosphate. 

Methods of Estimaiion — ^Pyruvic acid was determined by the bisulfite 
method of Clift and Cook (24), inorganic phosphate by the method of Fiske 
and Subbarow (25), and organic phosphate by the method of King (26). 
Acetyl phosphate was estimated by the hydroxamic acid-ferric chloride 
method of Lipmann (27). Thiamine was determined by the method of 
Urban and Goldman (28), the Beckman spectrophotometer being employed 
to measure the light absorption of thiochrome at 368 m/i, Diphosphothia- 
minc, before being estimated as thiochrome, was first dephosphorylated to 
thiamine by the use of polidase.* 1 cc. of a 5 per cent solution of polidasc 
was allowed to react with the diphosphoric ester at pH 4.0 at 37° for at least 
1 hour. 

Produds of Readion — ^In large scale reaction mixtures volatile acid was 
estimated bj' the method of Friedemann (29). The distillate was titrated 
nith 0.02 K NaOH with phenolphthalein as indicator., Prior to titrating, 
the distillate was freed of CO* by rapid aeration with COrfree Ni- 

In a typical manometric experiment, the enzymatic oxidation of SS.t 

* Polidasc is a commercial mold preparation which contains an active phospbatsss 
and is obtainable from the Schwar? Laboratory, Inc., XewYorlc. 
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micromoles of pyruvic acid required 33.2 microatoms of oxygen and yielded 
31.3 micromoles of COo. The stoichiometric relationship between the dis- 
appearance of pymvic acid and the formation of acetic acid was determined 
as follows: 1000 micromoles of lithium pyruvate were incubated wth the 
complete enzyme system for 5 hours at 37°. 800 micromoles of pyravic 
acid disappeared with the formation of 816 micromoles of a volatile acid 
which was identified as aeetic acid by the formation of a blue color with 
lanthanum nitrate (30), by the distribution constant (29) between ether and 
water (85.4; 86.4 for control),' and by the Duclaux constant (31) (6.8 to 
7.2; 6.8 to 7.4 for control). 


SUMMARY 

Proteus vulgaris contains an enzyme which specifically catalyzes the oxi- 
dation of pyruvic acid to acetic acid and CO 2 . For each molecule of pyru- 
vic acid oxidized, 1 atom of oxygen is consumed and 1 molecule of acetic 
acid and of CO 2 are formed. The enz\me appears to be a complex consist- 
ing of (1) a specific protein, (2) diphosphothiamine, and (3) a bivalent metal, 
probably magnesium. As prepared, the enzyme is partially dissociated 
and requires the addition of both diphosphothiamine and an appropriate 
metal to attain maximum activity. 

The intact bacterial cell contains a phosphatase which can split diphos- 
phothiamine to thiamine. This phosphatase, although absent in the final 
preparation of pyruvic oxidase, may well account for the apparent dissoci- 
ation of diphosphothiamine from the enzyme. 

The pyruvic oxidases of Proteus vulgaris and Escherichia coli do not ap- 
pear to require inorganic phosphate for acthdty. Moreover, in the pres- 
ence of 0.1 M phosphate, acetyl phosphate is not formed as an intermediary. 
Pyrophosphate in 3.4 X 10"’ m concentration inhibits the enzyme activity 
but this inhibition is reversed by 0.7 X 10"’ m diphosphothiamine. 

The general properties of the enzyme are described. The enzyme is 
associated with macro particles which can be effectively sedimented in 
strong gravitational fields. 

The author is greatly indebted to Dr. D. E. Green for suggesting this 
problem, and for the guidance and encouragement he has given throughout 
the course of this research. He also wishes to express his thanks to Dr. S. 
Ratner and Dr. L. F. Leloir for much advice and assistance. 
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THE DETERMINATION OF 2,2-BIS(p-CHLOROPHENYL)-l,l,l- 
TRICHLOROETHANE (DDT) IN ORGANS AND BODY 
FLUIDS AFTER ORAL ADMINISTRATION 
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The toxicity of the now tvidely used insecticide 2,2-bis(p-chlorophenyl)- 
1,1,1-trichloroethane (DDT) indicates the necessity for studies on the 
presence of this substance in the organs and body fluids after oral admin- 
istration. Smith and Stohlman (1), assuming that the compound is 
absorbed unchanged from the alimentary system, attempted such studies, 
basing their determinations on the organically bound chlorine content 
of the biological material under examination. 

In a recent publication (2) the authors described a colorimetric method for 
the determination of DDT based on the red color formed when this sub- 
stance is heated with xanthydrol and potassium hydroxide in an anhydrous 
pyridine solution. The reaction was shown to be sensitive to 10 y and to 
detect small differences in concentrations within a range of from 10 to 200 y. 

The present communication presents a comparison of the results of the 
xanthydrol-KOH-pyridine method of the authors and the sodium reduction 
method of Smith and Stohlman when applied to the determination of DDT 
in tissues and body fluids of rabbits after the oral administration of toxic 
doses. 


EXPERIMENTAL 

Dosage and Collection of Specimens — Four male rabbits, weighing about 
2 kilos each, were deprived of food overnight and then given 0.55 gm. of 
DDT per kilo in solution in olive oil by stomach tube. Food and water 
were again supplied and made available to the animals throughout the 
experiment. Blood samples were taken from the ear vein of each rabbit 
2, 4, 8, and 24 hours after dosing; the samples from the four rabbits vere 
pooled according to the time of collection, making a total of four blood 
samples collected at the intervals specified. Urine was collected by 
catheterization at frequent intervals during the 48 hour period and aU 
samples pooled. All feces were collected during the period of the ex- 
periment. At the end of 48 hours the animals were killed by exsanguina- 

* Captain, Sanitary Corps, Army of the United States. 
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tion from the carotid arteiy. The blood was pooled as the 48 hour sample. 
The livers, kidneys, and bile from the animals were removed for analj'sis. 

Extraction of Organic Chlorides and DDT — ^The method of extraction of 
organic chlorides and DDT from the fluids and tissues was essentially the 
same as that used by Smith and Stohiman. Portions of blood, liver, kidney, 
bile, and feces were macerated with an equal weight of anhydrous sodium 
sulfate, dried in an oven at 90°, ground to a fine powder, and extracted in a 
Soxhlet apparatus mth acetone. The urine was extracted with ether after 
it had been acidified with acetic acid. 

Determination of Organically Bound Chlorine — A portion of the acetone 
axtract from each fluid and tissue was evaporated to diyness on the steam 
bath and the organically bound chlorine determined by the method of 
Smith and Stohiman. That is, the residue from the evaporated acetone 
extract was dissolved in hot absolute alcohol, treated m’th metallic sodium, 
made acid with nitric acid, decolorized nith chloride-free charcoal, and the 
chloride determined by the Volhard method uith m/35.46 silver nitrate in 
10 per cent nitric acid and m/35.46 potassium thiocyanate with ammonium 
ferric sulfate as the indicator. 

Determination of DDT — The remainder of the acetone extract, in each 
case, was evaporated to diyness, the residue decolorized by heating on the 
steam bath with a few ml. of 30 per cent hydrogen pero.xide, and again 
evaporated to dryness. Any fats e.xtracted were converted to soaps by 
treating the residue with alcoholic potassium hydroxide on the steam bath. 
The dry residue was then macerated with anhydrous sodium suKate and 
extracted with ether which was filtered into a volumetric flask and made 


up to volume. 

Portions of this ether solution were pipetted into test-tubes (16 X 150 
mm.) and evaporated to dryness. To each tube were then added 2 ml. of 
the xanthydrol-KOH-pyridine reagent (2) . Control tubes containing known 
amounts of DDT and a blank tube containing only the reagent were set 
up in the same manner. All tubes w'ere placed in an oil bath at 120 Jot 
8 minutes and then cooled by immersion in water for 1 minute. The 
contents of the tubes were then diluted with 4 ml. of pure pyridine, mi.xe , 


and transferred to colorimeter tubes, 

A Hellige-Diller photoelectric colorimeter, model 400, equipped wj n 
green filter (520 mn) w-as used; the galvanometer was set at zero wi J 
blank and readings on all tubes were taken. DDT was calculate ro 
a standard color curve, the control tubes being used as checks. 

Recovery of Added DDT by Xanthydrol-KOB-Pyridine 
portions of the same organs and fluids analyzed above, DDT . 

amounts comparable to that calculated from the and 

content as determined by the sodium reduction method. Thes rga 
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fluids were e\tracted as described and the DDT determined on the extract 
b}’’ the xanthydrol-KOH-pyridine metliod. -Cii the recovery expenmentsall 
blood samples were pooled and treated as one sample. 

Table I 


DDT >ls Calculated from Organically Bound Chlorine Content and 4s Determined by 
Xanlhydrol-KOH -Pyridine Method in Organs and Body Fluids of Babbits after 
Oral Administration of 0 BS Gm of DDT per Kilo 


Body fluid or tissue 

1 

1 

Hrs after dosing 

Sodium reduction method 

DDT determined 
by xanthydrol 
KOH pyrjdme 
method 

Chlorine (organic* 
ally bound) 

Calculated DDT 

1 


mg per JOO ml 

mg per 100 fnl 

mg per 100 ml 

1 


or gm 

or gm 

or gm 

Blood 

2 

3 4 

6 8 

0.0 


4 

4 4 

8 8 

0 0 

“ 

8 

3 6 

7 2 

0 0 

It 

24 

3 9 

7 8 

0 0 

It 

48 

4 9 

9 8 

0 0 

Liver 

48 

7 5 

15 0 

0 0 

Bile 

48 

27 5 

55 0 

0 0 

Kidney 

48 

8 6 

17 2 

0 0 


2-48 

4 7 

9 4 

0 0 


2-48 

308 7 

617 4 

660 0 


Table II 

Recovery of Added DDT from Organs and Body Fluid by 
Xanthydrol KOH-Pyridine Method 


Body fluid or tissue 

DDT added 

DDT found 

Rcco\ ery 


mg per 100 ml or gm 

mg per 100 ml or gm 

Per cent 

Blood 

8 0 

G 4 

80 

Liver 

15 0 

12 1 

81 

Bile 

50 0 

36 5 

73 

Kidney 

17 0 

16 0 

94 

Urine 

10 0 

8 5 

85 


Results 

Table I gives the results of the two methods. DDT is calculated on 
the basis of the theoretical 50 per cent chlorine content. 

Table ll gives the results of the recovery experiments on added DDT by 
the xanthydrol-KOH-pyridme reaction. 

DISCUSSION 

From the data presented it appears that DDT when administered orallj 
is not absorbed in its unchanged state, but that other organic compounds 
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of chlorine are formed which are assimilated and can be detected in the 
organs and body fluids. That these organic chlorides do not normally 
appear in the body fluids and tissues of animals was shonn bj'^ Smith and 
Stohlman and checked by the authors. It seems likely that the trans- 
formation of DDT to other organic chlorides takes place in the alimentary 
system and that only these organic chlorides are absorbed.^ Further 
studies are in progress at present on this aspect of the problem. 

STOttlABY 

The compound 2,2-bis(p-chlorophenyl)-I,l,l-trichIoroethane was not 
detectable in the organs or body fluids of rabbits by the .xanthydrol-KOH- 
pyridine method when toxic doses of this substance were adnunistered orally 
to these animals. 

The presence of organic chlorides in these organs and body fluids after 
oral administration of DDT was confirmed. 
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‘ Since this work was completed, White and Sweeney (3) by use of an x-ray powder 
diffraction method have identified di(p-chlorophenyl)acetic acid in the urine of rab- 
bits given DDT by oral administration. They succeeded in isolating this substance 
from the urine and gave methods for preparing it from DDT. These investiptore 
concluded from their experiments that DDT in its unchanged form, if present in the 
urine at all, is present in amounts less than 5 mg. per 100 ml. The compound di(p- 
chlorophenyl)acetic acid prepared from DDT by the method of White and Sweenej 
does not give the xanthydrol-KOH-pyridine reaction. This serves to confirm our 
conclusion that DDT is not present as such in the organs and body fluids after ora 
administration but is present in the form of a metabolite containing organicai j 
boimd chlorine. 
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Madison) 
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The oxidation of reduced glutathione was first studied by Hopkins 
(1), who showed that this substance in a neutral aqueous solution rapidly 
absorbed oxygen, becoming converted to the oxidized or disulfide form. 
In the presence of animal tissue preparations, this disulfide form was 
rapidly reduced to the sulfhydiyl form. Hopkins and Dixon (2) showed 
that this reduction was due in part to factors which are not destroyed by 
heating the tissue to 100°. It was postulated that the reduction of the 
disulfide group by such “thermostable preparations” was due to “fixed 
— SH groups;” i.e., sulfhydryl groups which were not soluble in water and 
which were unable to react directly with oxygen. The “thermostable 
system” was later studied in greater detail by Hopkins (3), who showed 
that the amount of oxygen taken up by the system amounted to several 
times the equivalent of the — SH groups originally present as glutathione. 
The extra o,xygen taken up was accounted for by oxidation of the proteins 
present. 

Harrison (4) showed that the apparent autoxidation of glutathione was 
due to traces of catalytic metals present as impurities. He showed that 
in absolutely metal-free solutions glutathione was oxidized only very slowly 
and that on the addition of a trace of a catalytic metal such as copper, an 
immediate and rapid oxidation resulted. 

These early investigations were all done mth preparations of glutathione 
which were not crystalline and which contained considerable impurities. 
Hopkins (5) reinvestigated this impure substance and succeeded in finding 
a method for the isolation of pure crystalline glutathione. Meldmm and 
Dixon (6), using this pure preparation of Hopkins’, reinvestigated the 
properties of glutathione and found significant differences in beha^dor from 
the impure preparations. They found that solutions of crystalline gluta- 
thione are not appreciably autoxidizable even on the addition of iron. 
They attributed the autoxidation of glutathione to the presence of tvo 
cofactors, present in traces as impurities in the earl}’' glutathione prep- 
arations; namely, iron (or copper) and some substance able to form cata- 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. These studies were aided by a grant from the Rockefeller Founda- 
tion. 
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lytically active complexes vith metals. Ciystalline glutatliione, unlike 
the earlier preparations, produced no oxygen uptake when added to 
“thermostable tissue preparations.” When the disulfide form was added 
to the tissue, it was reduced but no oxj’gen uptake resulted. The oxidation 
of glutathione was also inhibited by fresh washed muscle. They showed 
that free cj'steine ciosel 5 ’' resembled the properties of the catalytic impurity 
in the glutathione, but that the catalytic substance was probably not 
cysteine itself. 

Keilin (7) showed that cysteine is very rapidly oxidized by the cyto- 
chrome-cytochrome o.xidase system, with uptake of oxygen, and it might 
be expected that glutathione would be oxidized by the same system. 
Keilin stated, however, in the article b}' Meldrum and Dixon (6), that 
"crystailme glutathione is not oxidized by this system” and that it 
“reduces cytochrome only with extreme slowness.” On the other hand, 
Stotz et al. (8) reported that “glutathione did not require the presence of 
ascorbic acid to be oxidized rapidly by the cytochrome-indophenol oxidase 
system” but did not amplify this statement or give any experimental 
data. 

Lyman and Barron (9) could not confirm the reports (6, 10) thathematin 
was not an effective catalyst for the oxidation of crystalline glutathione. 
On the contrary, they indicated that glutathione solutions were readily 
oxidized in the presence of copper, hemin, or hemochromogens. 

In this contribution, the oxidation of glutathione is investigated in 
greater detail. We will attempt to show' that glutathione is oxidized by 
an enzymatic system involving cytochrome c. This obsen'ation throws 
considerable light on the results obtained by previous workers and shows 
how' glutathione may function in biological oxidation-reduction systems. 

Methods 

White mice of an inbred Sw'iss strain were used and, after weaning, were 
maintained on stock ration' and w'ater ad libitum plus occasional greens. 
A tissue homogenate of mouse kidney' was prepared by the technique ot 
Potter and Elvehjera (11), modified as previously described (12, 13)- 
The unbroken cells and heavier cell fragments were removed by centrifuga- 
tion at about 2500 r.p.m. in an angle head centrifuge for 5 minutes an 
the resulting supernatant is referred to as a “cell-free preparation.” These 
cell-free preparations were used immediately in order to minimize enzyme 
inactivation occurring in the veiy' dilute protein solutions (14). ^ 

A conventional Warburg apparatus at 37“ was used in all experimen a 
and analytical work. The pH was determined in all cases with a Bee 

I B-B Laboratory Rabbit Diet, Maritimo Milling Company, Inc., Buffalo, t 
York. 
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pH meter (glass electrode). A summary of the components of the final 
reaction mixture is as follows: 0.4 ml. of 0.25 m potassium phosphate buffer 
(pH 7.6), 0.1 ml. of 1.4 X 10~‘ m cytochrome c, the desired amount of cell- 
free preparation, solution of glutathione, and redistilled water to make 
3.0 ml. The gas phase was air, and 0.2 ml. of 10 per cent KOH and a 
small strip of filter paper were placed in the center well to absorb COj. 
The pH of this final reaction mixture was 7.6, as determined electro- 
metrically. The glutathione solution was always placed in a side arm and 
added to the mixture of the other components after equilibration of the 
flask contents had taken place. 

Pure crystalline glutathione was obtained from the Eastman Kodak 
Company and was not purified further. The autoxidation of this prep- 
aration in glass-redLstilled water was comparable ■with that observed by 
Meldrum and Dixon (6) for their purest preparations, and further purifica- 
tion was deemed mmecessary. Glutathione solutions were prepared in 
glass-redistilled ■water and were neutralized just before addition to the side 
arm of the reaction vessel. For comparative purposes a sample of crystal- 
line glutathione from the B. L. Lemke Company was secured and was 
sho^wn to be enzymatically oxidized at the same rate as the Eastman Kodak 
Company product. 

The cytochrome c was prepared in these laboratories from beef heart by 
the method of Keilin and Hartree (15) and had been dialyzed against glass- 
redistilled water. Two samples of cytochrome c, which had been isolated 
in another laboratory,^ were compared at similar levels ■with our prepara^tion 
and sho^wn to give identical results. 


EXPERIMENTAIi 


During the course of some experiments in which attempts were made to 
place glutathione in carbohydrate metabolism as a coenzyme, it was ob- 
served that, in the presence of numerous added cofactors, tissue homo- 
genates had the ability to oxidize reduced glutathione rapidly and com- 
pletely. Determination of the particular components of the system whic 
would oxidize reduced glutathione resulted in the isolation of a system m 
which cytochrome c was a necessary component. The resulte of a pre 
liminary experiment plotted in Fig. 1 serve to illustrate this point. urve 
I shows the slow autoxidation of reduced glutathione in neutral aqueous 
solution containing only phosphate buffer. The rate of oxygen upta 'e vas 
comparable ivith that observed by previous investigators (6) or pure 
crj'stalline glutathione. Cytochrome c alone had no effect on t is oi\ 


’ Appreciation is expressed to Professor Van R. Potter of 
Laboratory Tvho kindly placed samples of two different prepara ions o y 


c at our disposal. 
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rate of oxygen uptake, shelving that it did not affect the autoxidation of 
glutathione as was reported for hemin and hemochromogens by Lyman 
and Barron (9). Both Curves I and II are characterized by a considerable 
induction period before the slow autoxidation starts. Curve III shows the 
effect of adding a cell-free preparation of mouse kidney with no addition of 
cytochrome c. After an initial induction period of 40 to 50 minutes, during 



Fig. 1. Effect of cytochrome c, copper, and tissue preparations on glutathione oxi- 
dation. Curve I, buffer only; Curve II, buffer and cytochrome c (identical wit* 
Curve I); Curve III, buffer and cell-free tissue preparation; Curve IV, buffer, 
chrome c, and cell-free tissue preparation ;-Curve V, buffer and cupric ion. Reduce 
glutathione was present in all cases at a level of 3 mg. per flask (equivalent to a tota 
oxygen uptake of 64 c.mm.) . Other final concentrations were buffer, m/30 potassiura 
phosphate (pH 7.6) ; cytochrome c 4.7 X lO"" m; cell-free tissue preparation represent- 
ing 20 mg. wet weight of mouse kidney (dry weight of about 4 mg.) ; and cupric sul a e 
10~^ M. Redistilled water was added to make a total volume of 3.0 ml. The tissue 
preparation was added, the flasks equilibrated, and the glutathione solution was 
added at zero time from the side arm. 

which the rate was more rapid than when no tissue was added, the rate 
increased abruptly and was linear with time until the reduced glutathione 
was exhausted. When both cytochrome c and cell-free preparation were 
added in amoimts corresponding to Curves II and III, respective 3,^^^ 
immediate rapid uptake was observ'ed which was linear vith time un i 
substrate was exhausted. The slope of this curxm is the same as that p o ^ 
in Curve V, which represents the copper-catalyzed autoxidation o g u 
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thione. Note that the maximum value of oxygen uptake is greater when 
tissue is present than in its absence. The extra oxygen was probably due 
to either oxidation of tissue protein or metabolism of miscellaneous sub- 
strates in the cell-free extract. 

From this experiment it was evident that cytochrome c was functioning 
■with some enzyme in the tissue, by definition cytochrome oxidase, to oxidize 
reduced glutathione. Cytochrome c may be directly concerned in the 
oxidation of reduced glutathione or it may be acting in a system metab- 
olizing some intermediate which itself is oxidizing glutathione. 

When iron was added as ferric ion, glutathione was not autoxidized more 
rapidly, thus confirming the previous observations of Meldrum and 
Dixon (6). This renders invalid the possibility that eytochrome c is 
acting by means of the catalytic action of iron liberated from it by action 
of the tissue. 

It has been observed (6) that the complex formed between cysteine and 
copper has the property of catalyzing the oxidation of reduced gluta- 
thione by oxygen. The possibility that cytochrome c is acting by catalyz- 
ing the hydrolysis of glutathione to 3 deld eysteine, which would unite with 
available copper to catalyze the oxidation of glutathione, has been eon- 
sidered. This mechanism has been discarded, since it would imply that 
c5d;ochrome c was functioning as an activator of a proteolytic enzyme, a 
concept not supported by the observed data. 

Tissue Concentration — ^An investigation of the glutathione oxidase system 
was undertaken to see whether the rate was proportional to the concentra- 
tion of the specific enzyme. The results plotted in Fig. 2 show that the rate 
is a function of the enz 3 une concentration under the given conditions only 
when 2 mg. or less of tissue on a wet weight basis are added. An mcrease 
in tissue level above this value exhibited no increase in the rate of oxidation, 
indicating that some factor other than enzyme concentration was limiting 
(in this case, probably cytochrome c). 

The maximum oxygen uptake at all tissue levels below 2 mg. cou e 
accounted for by the amount of reduced glutathione added. Gener^y 
when 3 mg. of glutathione were added per flask, there was no flirt er 
oxygen uptake after 5 hours, even when no tissue preparation was a e 
However, when more than 2 mg. of tissue were added, the maximuni oxygen 
uptake was considerably in excess of that which could be accounte or y 
the oxidation of added glutathione. This was probably due eith^ to an 
oxidation of the free — SH groups in the protein as proposed by Hopkins 
(5) or perhaps to an oxidation of substrates previously shown to e presen 
in tissue homogenates (12). ™ 

This system was active at very low levels of tissue concentra ion. e 
lowest level plotted indicates considerable increase in rate over 
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obtained with no tissue and represents a concentration of about 0.02 mg. 
diy weight of tissue per flask. The extremely low tissue levels in which 
this system is active tend to eliminate the possibility that the oxidation of 
glutathione proceeds via some intermediate substrate present in the 



TIME IN MINUTES 

Fig. 2. Effect of tissue level on glutathione oxidation with added 
Curve I, buffer only or buffer and 4.7 X 10 ~' m cytochrome c, 3 mg. ® ^ ^ t'ssae 
Curve II, buffer, 3 mg. of glutathione, 4.7 X lO"' m cytochrome c, and ce - ree i 
preparation representing 0.1 mg. wet weight of mouse kidney (dry weig ° 

0.02 mg.) ; Curve III, same as Curve II, except 0.4 mg. of the above tissue prop ^ 
(wet weight) ; Curve IV, same as Curve II, except 1.0 rag. of tissue; Curve , 

Curve II, except 2.0 mg. of tissue; Curve VI, same as Curve II, excep ‘ 
tissue; Curve VII, same as Curve II, except 100 mg. of tissue. Con i i 
specified are the same as summarized in the legend of Fig. 1- 

homogenate which is oxidized by the cytochrome c-cytochrome oxi 

system. . . 

VlTien the Qo, values of the curves in Fig. 2 were plotted agai 
concentration, an inverse dilution eS'ect resulted; that is, 
higher at lower tissue concentrations than at higher tissue cone 
This effect had previously been noted by Schneider and o 
the cytochrome oxidase system with ascorbic acid as ® g^tra- 

considered the uptake at zero tissue concentration (o 
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polation of values obtained at three or more tissue concentrations) to be a 
measure of the substrate autoxidation and subtracted this value from the 
uptake at all tissue levels, "t^lien this was done vith the present system, 
a value was obtained for the uptake at zero tissue concentration which was 
considerablj’^ in excess of the value obtained experimentally vdth no tissue 
present. This perhaps indicates that the inverae dilution effect still 
observed after subtracting the experimentally obtained autoxidation at 
zero tissue concentration is due to secondarj' factors as yet not evaluated. 

Cytochrome c Concentration — Since the effect of tissue level on the oxida- 
tion of glutathione had been determined, the effect of vaiying another factor 
in the system, cidochrome c, was investigated. A level of tissue was 
selected ndthin the range in which tissue concentration was proportional 
to the rate of oxygen uptake. In this range it had been pre\dously assumed 
that the concentration of cytochrome c was not Umiting and this assump- 
tion needed confirmation. The amount of added cytochrome c per flask 
varied from 2.3 X 10~® m to 4.7 X 10“*° m, as shown in Fig. 3. An increase 
ill Qoi vith an increase in cytochrome c concentration over that previously 
used at this tissue level was not observed, and a decrease in Qoi evident 
if the cytochrome c level were decreased. The lower levels of added 
cytochrome c exhibited no effect over the oxidation achieved by cell-free 
preparation alone, indicating that the cell-free preparation was probably 
adding enough cytochrome c to raise the level of c 5 d,ochrome c to a con- 
centration of about 10“* M. 

Curve VI of Fig. 3 indicates that the enzyme is saturated nith cyto- 
chrome c at the level of 4.7 X 10”® M when a cell-free preparation represent- 
ing 1 mg. of mou.se kidney homogenate is used. Schneider and Potter 
(16), vdth ascorbic acid as the substrate of their cytochrome oxidase assay 
system, reported a saturation level of 7 X 10“° m cytochrome c for 5 mg. of 
fresh rat liver, a level which can be compared vith the value recorded above. 

Glutathione Concentration — In order to defuse an assay method to de- 
termine the concentration of the glutathione oxidase system, the enzyme 
must be saturated with the substrate. The experiments plotted in Fig. 
4 indicate the results obtained ^vith several different amounts of glutathione 
added to a system in which both tissue and cytochrome c had pre\dously 
been sho^vn to be non-limiting. When both tissue and cytochrome c vere 
present, the maximum oxygen uptake was a linear function of the amount 
of glutathione added but the rate of oxygen uptake, a direct function, 
as3Tnptotically approached a maximum slope. In the absence of tissue, 
i.e., autoxidation of glutathione in the presence of cj'tochrome c, the 
maximum oxygen uptake was again a linear function of the glutathione 
concentration. However, in contrast to the results obtained when tissue 
was added, the slope in this case was also a linear function of the substrate 
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added. At the same glutathione concentration, both curves attained the 
same mnyi'minn value, but the one representing only autoxidation did so 
much more slowly. A maximum Qo. of 418 was obtained when the gluta- 
thione concentration was 9 X 10"^ m, this value being corrected for the 
autoxidation of glutathione at zero tissue concentration, as determined 



Fig. 3. Effect of added cytochrome c on enzymatic oxidation of ® ** * ,.* g. 
Curve I, buffer only or buffer and 4.7 X 10“' m cytochrome c, 3 mg. o g u a ’ 
Curve II, buffer, 3 mg. of glutathione, and cell-free tissue preparation ^ ^ 

1.0 mg. wet weight of mouse kidney (dry weight of about 0.2 mg.), no ^7 
added; Curve III, buffer, 3 mg. of glutathione, and tissue preparation “ ^ 7 

centration of added cytochrome c in reaction mixture of either 4.7 X , „ y l(r* 
X 10“* II (identical with Curve II); Curve IV, same as Curve III,«excep 
M cytochrome c; Curve V, same as Curve III, except 4.7 X 1(^’ “ ° ^ 

Curve VI, same as Curve III, except 4.7 X 10“' m cytochrome c; Cu^e 
Curve III, except 2.3 X 10“' m cytochrome c (identical with Curve VIJ. 
not specified are the same as summarized in the legend of Fig. 1. 

experimentally. This Qo, value can be compared with 
reported by Schneider and Potter (16) for the cytochrome oxi a.- 
from rat kidney ndth ascorbic acid as substrate. ^ ^Tnntic in 

Inhibitors — If the oxidation of reduced glutathione v ere ^ 

nature, the enzyme should be inactivated by heat. M expen 
performed in which a 10 per cent homogenate was heate o o 
utes, then centrifuged and decanted, as previously ^ in- 

a cell-free preparation. This preparation proved to e 
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activated,^ indicating that some component of the system was destroyed 
at the temperature used. 

A number of chemical inhibitors were tried, both to determine what 
substances inhibited the system and to ascertain if possible the nature of 



Fig. 4. Effect of glutathione concentration on its enzymatic and non-enz 3 rinatic 
oxidation. Curve I, buffer only or buffer and 4.7 X 10”® u cytochrome c, glutathione 
concentration of 0.9 X 10”® m (1 mg. per reaction flask) ; Curve II, buffer, cytochrome 
c, cell-free tissue preparation representing 2.0 mg. wet weight of mouse kidney (dry 
Weight of about (i.4 mg.), glutathione as in Curve I; Curve III, same as Curve I, ex- 
cept glutathione concentration 2.7 X 10”® m; Curve IV, same as Curve II, except 
Elutathione concentration 2.7 X 10”® m; Curve V, same as Curve I, except glutathione 
concentration 4.5 X 10”® m; Curve VI, same as Curve II, e.xcept glutathione concen- 
tration 4.5 X 10“® m; Curve VII, same as Curve II, except glutathione concentration 
9 X 10~® M; Curve VIII, same as Curve II, except glutathione concentration 18 X 
10~® M. Conditions not specified are the same as summarized in the legend of Fig. 1. 

the enzyme concerned. The data of Table I indicate the approximate 
inhibitions obtained. Since there were numerous complicating secondarj' 
factors to be controlled in determining the degree of inhibition (12) and 

® The components of the reaction mixture were the same as summarized in Table 
I, except that an amount of cell-free preparation representing 1 mg. of mouse kidnej' 
previously treated as described in the text was added. 
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since only a qualitative comparison was desired, only an approximate value 
of the per cent inhibition was recorded. Inspection of the data indicates 
that those substances which caused marked inhibition were those which 
are known to react ivith copper; namely, cyanide and diethyldithiocarbamate. 


Table I 

Effect of Inhibitors on Enzymatic Oxidation of Glutathione 


Inhibitor 

Concentration 

Approximate per cent 
inhibition 

Azide 

a 

0.002 

4 

Cyanide 

0.002 

100-f 


0.0002 

100 


0.00002 

40 

a,a'-Dipyridyl 

0.002 

40 

Diethyldithiocarbamate 

0.002 

100 


0 0002 

100 


0.00002 

28 

Hydroxylamine . 

0.002 

8 

lodoacetate... 

0.002 

100-f 


0.0002 

32 


0.00002 

3 

Thioglycolate . . 

0.002 

30 


Constituents were added to the reaction flask ns follows: 0.4 ml. of 0.25 M potas- 
sium phosphate buffer (pH 7.6), 0.1 ml. of 1.4 X 10"* at cytochrome c, 0.3 ml. of a 10 
mg. per ml. solution of reduced glutathione (neutralized with sodium hydroxide to 
pH 7.6) placed in side arm, solution of inhibitor (pH 7.6) to yield the concentration 
indicated, and redistilled water to make 2.8 ml. 0.2 ml. of a 1 per cent cell-free 
preparation of mouse kidney homogenate was added, the flask equilibrated, and t e 
glutathione solution added from the side arm at zero time. The tissue was in contac 
with the inhibitor about 12 minutes before the glutathione was added. 

In all the inhibitor studies, the KOH solution in the center well was eliminate o 
prevent changes in the concentration of such inhibitors as azide and cyanide. S0‘ 
able control flasks showed that the absence of the KOH had no effect on either a 
QOt or the total oxygen uptake. i, c 

The degree of inhibition was calculated from Qot values, each experiment 
its set of controls. An inhibition of 100-1- per cent indicates that not on y ^ 
enzymatic oxidation of glutathione was inhibited but also the buffer-catalyzc no 
enzymatic oxidation. 

lodoacetate, which also caused marked inhibition, was presumed to reac^ 
with the sulfhydiyl group of glutathione and so reduce the stibstm co 
centration. On the other hand the “iron reagents” such as ^ J 
a,a'-dipyridyl, and hydroxjdamine did not exhibit marked mhi ' 
the glutathione oxidation system. Sodium azide, contrary to escpec a 
show'ed little or no inhibition when present in 0.002 M eoncentra ion. 
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The results of these preliminary inhibitor studies indicate that the 
glutathione oxidase system involves a heat-labile enzyme and that in all 
probability this enzyme is a copper-protein. 

DISCUSSION 

When Hopkins (1) discovered glutathione, he considered that he had 
isolated one of the catalysts of cellular oxidations. Even though it was 
relatively inert to molecular oxygen and therefore could not act in a 
terminal oxidase system, this concept continued imtil it was eventually 
overshadowed by Keilin’s isolation of the cytochrome c-cytochrome oxidase 
system. 

The r61e which has been ascribed to glutathione by Lyman and Barron 
(9) is to maintain the intensity level of reduction and in this manner to 
regulate the rate of reversible oxidation-reduction reactions. Barron and 
Singer (17-19) later modified this general concept by stating that glutathione 
functions by maintaining the acthdty of enzyme systems containing essen- 
tial — SH groups in their protein moiety. This concept of glutathione 
action is rather limited and tends to ignore any possibility of its acting as 
an intermediate “coenssyme” in oxidation-reduction systems. 

Hopldns (1) showed veiy early in his glutathione studies that oxidized 
glutathione was reduced by tissue preparations. Hopkins and Elliott 
(20), using crystalline glutathione, were able to repeat this earlier work. 
Mann (21) reported the reduction of glutathione during the oxidation of 
glucose in the presence of “glucose dehydrogenase,” and Meldrum and 
Tarr (22) reported its reduction by hexose monophosphate in the presence 
of Warburg and Christian’s “enzyme” and “coenzyme” systems. Potter 
(23) showed that glutathione exerted a marked effect on pyruvate oxidation 
in a reconstructed enzyme system with cell-free tissue extracts. It is 
evident that glutathione can be readily reduced by enzyme systems, but a 
specific method for its enzymatic oxidation by tissues has previously been 
lacking (24). 

As a result of our obseiv’ations that reduced glutathione (GSH) can be 
oxidized (GSSG) by a cell-free tissue preparation when cytochrome c is 
added, we can propose that glutathione is oxidized via the following mech- 
anism. 

GSH cytochrome c HjO 

u ;=± u 11 

JGSSG cytochrome c Fe' ' ' iOi 

Except for the results of inhibitor studies, which indicate that a copper- 
containing enz 5 Tne is an integral component of this system, this mechanisin 
is strongly supported by the observed data. Cytochrome oxidase is by 
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definition necessary to catalyze the oxidation of reduced cytochrome c by 
molecular oxygen and is generally considered to be an iron-protein enzyme. 
In addition cytochrome oxidase has been frequently cited as being strongly 
inhibited by azide (25), but this system showed little inhibition at a 
relatively high concentration of azide. The implications of this obser- 
vation are not yet fully understood and on consideration of the strong 
supporting evidence the above mechanism is postulated to be correct. 

In addition we suggest that glutathione can function as a coenzyme in 
an oxidation-reduction system. Mechanisms for both the oxidation and 
reduction of glutathione by enzyrmes have now been observed in tissue 
preparations. The additional oxygen uptake obsenmd when more than 
2 mg. of tissue are added to the reaction flask is readily explained by oxida- 
tion of the free — SH groups in the tissue protein. O.xidized glutathione 
is reduced by the free — SH groups and the reduced glutathione formed is 
reoxidized via the above mechanism. Glutathione is thus acting as a 
coenzyme in the system involving the oxidation by molecular oxygen of 
fixed sulfhydryl groups in the cell-free tissue preparation. 

I^Tiether a specific enzyme functions between glutathione and cyto- 
chrome c is a question for which preliminary data only have been obtained. 
The reduction of cytochrome c by reduced glutathione proceeds much more 
rapidly in the presence of cyanide-inhibited tissue homogenate than when 
no tissue is present. Cyanide-inhibited tissue homogenate MU reduce 
cytochrome c in the absence of glutathione, but at a much slower rate and 
not as completely as when glutathione is present. These data may be 
interpreted as indicating the possibility of an enzyme catalyzing the 
reaction between oxidized cytochrome c and reduced glutathione; i.c-> 
glutathione dehydrogenase. In addition, comparison of this investigation 
with that of Keilin (7), who did not obtain any enzymatic oxidation, in- 
dicates certain probable differences. No experimental data were 
substantiate Keilin’s conclusions, but presumably he used a semipurine 
indophenol oxidase preparation. In this work a tissue preparation con 
taining many enzymes was used and herein may lie a differencej his pr^ 
arations may not have contained a hypothetical enzyme functionmg 


tween glutathione and cytochrome c. 

The oxidation of glutathione through the intermediary action of cyto- 
chrome c senses to explain the anomalous results of Hopkins and 
The “thermostable tissue preparations” may have had free sulmy 0^ 
groups present which would reduce any o.xidized glutathione adde , ^ 
enzjunatic systems for the oxidation of reduced glutathione may ' 
destroyed. Hence, with pure ci^’’stalline glutathione, oxidized g u a 
would be reduced but no oxygen uptake would result. gygjj 

impure glutathione ivas added to “thermostable preparations, e 
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impurities (presumably cysteine) may have been present to form cat- 
alytically active complexes vuth copper as postulated by Meldrum and 
DLxon (6). Thus the glutathione would be oxidized and, on being simul- 
taneously reduced by the free — SH groups in the tissue preparation, would 
take up oxygen until the reducing groups were all oxidized. Observations 
with w'ashed muscle tissue can be explained in a similar fashion. Washing 
the tissue effectively would remove cytochrome c, so that even though the 
enzjmies were probably active, no oxygen uptake would result on addition 
of pure glutathione. The free — SH groups, however, again would reduce 
the oxidized glutathione. Impure glutathione, by itself being catal 5 dically 
oxidized, might function as an intermediate between the free — SH groups of 
the washed muscle preparation and molecular oxygen. If it were being 
simultaneously oxidized and reduced as described in this system, gluta- 
thione would be functioning as a coenzyme in the oxidation of fixed — SH 
groups by molecular oxygen. 


SUMMARY 

1. Reduced glutathione can be oxidized by an enzymatic system in- 
volving cytochrome c, which has been found in cell-free preparations of 
mouse kidney homogenates. 

2. The effects of tissue concentration, cytochrome c concentration, and 
glutathione concentration on this system are reported. 

3. The glutathione oxidase system is strongly inhibited by heat, cyanide, 
diethyldithiocarbamate, and iodoacetate, is weakly inhibited by a,a'- 
dip 3 mdyl, and thioglycolate, and is. not inhibited by azide and hydrox- 
ylamine. 

4. Glutathione is postulated to act as a coenzyme in certain systems 
involving the oxidation by molecular oxygen of fixed sulfhydryl groups 
occurring in tissue preparations. 

BIBLIOGRAPHY 

1. Hopkins, F. G., Biochem. J., 16, 286 (1921). 

2. Hopkins, F. G., and Dixon, M., J. Biol. Chem.j 64, 7 (1922). 

3. Hopkins, F. G., Biochem. J., 19, 787 (1925). 

4. Harrison, D. G., Biochem. J., 18, 1009 (1924). 

5. Hopkins, F. G., J. Biol. Chem., 84, 269 (1929). 

6. Meldrum, N. U., and Dixon, M., Biochem. J .j 24, 472 (1930). 

7. Keilin, D., Proc. Roy. Soc. London, Series B, 106, 418 (1930). 

8. Stotz, E., Harrer, C. J., Sohultze, M. O., and King, C. G., J. Biol. Chem., 122, 

407 (1938). 

9. Lyman, C. L., and Barron, E. S. G., J. Biol. Chem., 121, 275 (1937). _ 

10. Voegtlin, C., Johnson, J. H., and Rosenthal, S. M., Pub. Health Rep., U. S. P. 

H. S., 46, 2234 (1931). 

11. Potter, V. R., and Elvehjem, G. A., J. Biol. Chem., 114, 495 (1936). 



562 


ENZYMATIC OXIDATION OF GLUTATHIONE 


12. Ames, S. R., and Elvehjem, C. A., Arch. Biochem., 6, 191 (1944). 

13. Ames, S. R., and Elvehjem, C. A., Proc. Soc. Exp. Biol, and Med., 67, 109 (1944). 

14. Ames, S. R., and Elvehjem, C. A., Proc. Soc. Exp. Biol, and Med., 68, 52 (1945). 

15. Keilin, D., and Hartree, E. F., Proc. Roy. Soc. London, Series B, 122, 29S (1937). 

16. Schneider, W. C., and Potter, V. R., J. Biol. Chem., 149, 217 (1943). 

17. Barron, E. S. G., and Singer, T. P., Science, 97, 356 (1943). 

18. Barron, E, S. G., in Nord, F. F., and Werkman, C. H., Advances in enzymology 

and related subjects, New York, 3, 176 (1943). 

19. Singer, T. P., and Barron, E. S. G., J. Biol. Chem., 167, 241 (1945). 

20. Hopkins, F. G., and Elliott, K. A. C., Proc. Roy. Soc. London, Series B, 109, 5S 

(1931). 

21. Mann, P. J. G., Biochem. J., 26, 785 (1932). 

22. Meldrum, N. U., and Tarr, H. L. A., Biochem. J., 29, lOS (1935). 

23. Potter, V. R., in Nord, F. F., and Werkman, C. H., Advances in enzymology and 

related subjects, New York, 4, 237 (1944). 

24. Ogston, F. J., and Green, D. E., Biochem. J., 29, 1983 (1935). 

25. Respiratorj’ enzjTnes, Minneapolis, 41 (1939). 



LETTERS TO THE EDITORS 


GUANINE AS A COENZYME IN ENZYMATIC 
TRANSPHOSPHORYLATION 

Sirs: 

It has been reported* that both dihydrocozymase and inorganic phos- 
phate are necessary for the following reactions in rat muscle extracts. 

(1) Glucose + adenosine triphosphate 

— ♦ glucosc-6-phosphate -h adenosine diphosphate 

(2) Pructose-6-phosphate -t- adenosine triphosphate 

—* fructose-1, 6'diphosphate -f- adenosine diphosphate 

The phosphate has now been found necessary for the formation of guanine 
from a precursor present in dialyzed extracts, by a reaction which is 
apparently analogous to the new type of phosphorolysis recently described 
by Kalckar.2 

(3) Purine-riboside -h phosphate ^ purine -h ribose-l-phosphate 

When aqueous extracts of acetone-dried or fresh rat muscle are dialyzed 
against saline for 10 to 20 hours, the addition of sodium phosphate (0.005 
m) is sufficient for reactivation, since dihydrocozymase is not removed bj 
this procedure. The reactivation by phosphate occurs after a lag period 
of 5 to 30 minutes (Fig. 1) and is completely prevented by iodoacetate 
(0.002 m). 

After incubation of a dialyzed extract with phosphate, a substance can 
be isolated which causes reactivation of dialyzed extracts in the absence 
of inorganic phosphate. This substance, which can also be obtained 
from boiled muscle juice or by acid hydrolysis of ribo- or desoxyri o 
nucleic acid, acts immediately, wth no lag period (Fig. U. its effect is 
not abolished by iodoacetate (Fig. 2). Of the two purines freed on m 
acid hydrolysis of nucleic acid, adenine was ivithout effect, while 10 m 
gUanine hydrochloride (Eastman) caused full reactivation (Fig. 2). 

The active substance formed on incubation of a dialyzed extract \\i 

' Price, W. H., and Colowick, S. P.. Federation Proc., 4, 100 (1945). 

= Kalckar, H. M., J. Biol. Chem., 168, 723 (1945). 
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phosphate is precipitated by the purine precipitant, CuS 04 -NaHSO). 
The activity of the precipitated material is that to be expected from its 
guanine content (Fig. 2), as determined either colorimetrically’ or from 
light absorption measurements at 250 m;x. Phosphate is necessary for, 
and iodoacetate inhibits, the appearance of the active substance and also 



Fig. 1. Effect of phosphate and “factor” on Reaction 1. Manometric fflCMure- 
ment as described previously,* but without addition of iodoacetate. Additions 
marked on curves, tipped in from side arm at zero time. “Factor” prepared from 
boiled juice of rat muscle by concentrating supernatant fluid from precipitation of 
Ba salts with 80 per cent alcohol. The amount added was that obtained from 1 g™- 
of muscle. 

Fig. 2. Effect of “factor” and guanine on Reaction 1. 0.002 M iodoacetate pre- 
sent. “Factor” prepared by incubation of dialyzed e.vtract with phosphate, con- 
centration of the deproteinized solution, and precipitation with CuSOi-Nan i 
reagent. Concentration calculated from guanine estimation (see the te.xt). 

the appearance of the color test and absorption band characteristic of 
guanine. 

It appears that both dihydrocozymase and guanine are essential coen 
2 ymes for Reactions 1 and 2. _ . 

It is a pleasure to thank Professor C. F. Cori for his suggestions during 
the course of this work. 

Department of Pharmacology Sidnet 

Washington University School of Medicine Winston 

St. Louis 

Received for publication. May 31, 1945 — 


*Hitchings, G. H., J. Biol. Chem., 139, 843 (1941). 

* Colowick, S. P., and Price, W. H., J. Biol. Chem., 157, 415 (1945). 



ISOLATION AND CRYSTALLIZATION OF d-GLYCERALDEHYDE 

3-PHOSPIIATE DEHYDROGENASE FROM RABBIT MUSCLE 

Sirs: 

The method for the preparation of this enzyme which is described below 
requires only a few steps, the yield is nearly quantitative, and after 
recrystallization the protein is homogeneous in the Tiselius apparatus. 

The muscles of one rabbit, killed by intravenous injection of amytal, 
are rapidly excised and passed twee through a meat grinder. All steps 
are carried out in a cold room at 5°. The ground muscles are extracted 
twice wth 1 volume of 0.03 n KOH and filtered through gauze. The pH 
of the combined extract is between 6.7 and 7.0. Ammoniacal ammonium 
sulfate solution (20 to 25 cc. of ammonium hydroxide, sp. gr. 0.90, to 1 
liter of saturated ammonium sulfate solution, pH about 8.4) is added to 52 
per cent saturation. The precipitate is filtered off. To the clear filtrate 
are added 13 gm. of solid ammonium sulfate per 100 cc., which brings the 
saturation to 72 per cent (sp. gr. 1.188). The precipitate is filtered off. 
Crystals appear overnight in the originally clear filtrate and continue to 
form for several days. The crystals are arranged in rosettes made up of 
diamond-shaped plates w'hich stand on edge. The protein can be recrystal- 
lized from 66 per cent saturated ammoniacal ammonium sulfate solution. 
The crystals then appear singly rather than in rosettes. The yield of 
crystals is very high. An example is given below. 

590 gm. of rabbit muscles yielded 950 cc. of extract containing 16.5 
gm. of protein. After the precipitates which formed at 52 and 72 per cent 
saturation had been removed, the filtrate measured 1900 cc. and contained 
3.27 gm. of protein. Of this amount 1.14 gm. were obtained as the crystal- 
line enzyme. This is equivalent to 7 per cent of the extracted proteins 
or to 0.19 gm. per 100 gm. of muscle. 

Activity measurements were carried out as described by Warburg and 
Christian' for the crystalline yeast enzyme, except that cysteine was 
added; a reducing agent is necessary for full activity of the muscle enzj’me. 
In the following experiment the composition of the reaction mixture (in 
moles per cc.) was as follows: cozymase and dl-glyceraldehyde phosplmte 
(as the d form) each 2.5 X lO-', sodium arsenate 5.7 X 10"®, sodium 
pyrophosphate 3 X 10"®, cysteine 3.6 X 10"®, enzyme protein (5 time- 
recrystallized) 0.003 mg. per cc., pH 8.5, temperature 25°. Readmgs were 
made in a quartz cell in the Beckman spectrophotometer at 340 mfi 
against a cell set at 100 per cent transmission which contained all the 

' Warburg, O., and Christian, W., Biochem, Z., 303, 40 (1939-40). 

565 



566 


LETTEHS TO THE EDITORS 


reactants except the enzyme. The reaction was started by the addition 
of triose phosphate. The time required for half reaction, calculated from 
IjK a, where K is the bimolecular rate constant and a is the initial con- 
centration, was 2.3 minutes. Because of the need of a reducing agent the 
exact conditions for optimal activity of d-glyceraldehyde dehydrogenase 
from muscle have not yet been established. The values for the rate 
constant so far obtained are of the same order of magnitude as those given 
for the yeast enzyme.^ 

We wish to thank Dr. H. O. L. Fischer for a generous gift of dl-gly- 
ceraldehyde phosphate prepared by Dr. Lardy. 

Deparlment of Pharmacology Gebtt T. Cow 

Washington University School of Medicine Milton W. Si-ein 

St. Louis Cabl F. Cow 

Received for publication, June 18, 1945 



THE UTILIZATION OF GLYCINE FOR THE SYNTHESIS OF 
A PORPHYRIN 


Sirs: 

It is known that porphyrin can be synthesized by the animal. The 
nature of the precursors employed for the formation of the protoporphyrin 
of hemoglobin has been the subject of much speculation.' This report 
presents evidence for the direct utilization of glycine for the formation of 
the pyrrole rings of protoporphyrin in humans. 

One of us consumed, over a period of 3 days, 66 gm. of glycine containing 
32.4 atom per cent excess N'® in addition to the usual diet. Samples of 
hemin were prepared from blood samples taken after 4, 18, 77, 86, and 99 
days from the start of the experiment; the N'^ concentration of these was 
0.134, 0.422, 0.466, 0.460, and 0.445 atom per cent excess respectivelJ^ By 
interpolation it is estimated that the isotope concentration in the porphyrin 
reached a maximum value of 0.52 atom per cent excess 30 days after the 
start of the experiment. At this time the isotope concentration of the 
plasma proteins had declined from a maximum value of 0.39 atom per 
cent excess N'® attained on the 4th day of the experiment to 0.13 atom 
per cent excess. 

From the isotope concentrations of the hemin of the 77th, 86th, and 99th 
days We estimate that the average life time of the protoporphyrin is more 
than 100 days. A more precise value for the average life time can be ob- 
tained only after many months. From the approximate value of the 
average life time it can be estimated that in 18 days about 20 per cent 
of the porphyrin was newly synthesized. Since the poiphyrin at this 
time contained 0.42 atom per cent excess N'^ the newly formed poiphyrin 
which contains the N'* must have an average N’“ concentration of 4.1 
atom per cent excess; its nitrogenous precursor must therefore have had 
the same average N'^ concentration. The only substance that could have 
had an average value of about 2 per cent N'^ during the first 18 days is the 
glycine of dietary origin. Previous experiments from this laboratory' in 
which leucine^ and ammonia’ labeled by N“ were fed to rats gave no 
indication that these substances were directly concerned writh porphyrin 

synthesis. 

' Abderhalden, E., Lehrbuch der physiologischen Chemie, Berlin and 
744 (1909). Lusk, G., The elements of the science of nutrition, Philadelphia and 

London, 4th edition, 244 (1928). . -n, noim 

* Schoenheimer, H., Eatner, S., and Rittenberg, D., /. Biol. Chem., 130, <03 (1949). 

* Rittenberg, D., Schoenheimer, R., and Keston, A. S., J. Biol. cm., r 
(1939). 
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It has recently been reported by Bloch and Rittenberg that acetic acid 
participates in the sjTithesis of protoporphyrin.'' It Avas suggested that a 
derivative of acetic acid may be utilized in a condensation resembling the 
ICnorr synthesis for pyrroles. It may be concluded that the protopor- 
phyrin is synthesized in vivo from glycine and either acetic acid or some 
compound closelj’’ related to it. An analogous in vitro reaction is now 
kno'v\Ti to occur; Fischer has recently formd that a positive color test for 
pyrroles could he obtained after condensing formylacetone ■with glycine.' 

Department of Biochemistry Da'VID Shemin 

College of Physicians and Surgeons D. Kittesberq 

Columbia University 
New York 

Received for publication, June 18, 1945 


* Bloch, K., and Rittenberg, D., J. Biol. Chem., 159, 45 (1945). 

* Fischer, H., and Fink, E., Z. physiol. Chem., 280, 123 (1944). 




COLORIMETRIC DETERMINATION OF VITAMIN A 

Sirs: 

In view of the recent note' which came from the press June 5, 1945, we 
wish to report, in advance of a more detailed article, our experience in the 
past 3 months with a new method independently discovered for determining 
vitamin A. 

Both glycerol o-jy-dichlorohydrin and mixed glycerol dichlorohydrin (ap- 
proximately 70 per cent a,/3 and the rest a,y)- will react with vitamin A 
in either of the solvents ethylene dichloride or chloroform but will not react 
well in ethyl alcohol or isopropyl alcohol. The reaction with vitamin A 
follows Beer’s law up to at least 250 U. S. P. units per ml. (520 or 660 m/i 
filters) under our conditions. Vitamin A has been determined in hexa 
multivitamin tablets containing vitamins A, Bi, Bj, C, and D, and niacina- 
mide with no interference from these vitamins. Vitamin D does not inter- 
fere with the vitamin A determination with a ratio of A to D of 5 3 (in 

terms of U. S. P. units) but does interfere when the ratio is 1 : 2.5. Vi- 
tamin A in fish liver oils and multivitamin tablets determined by our pro- 
cedure shows agreement within 5 to 10 per cent with the vitamin A 
calculated by using the extinction coefficient at 328 m/x {E } X 2000) . 

For the determination 2 drops of concentrated HCl followed by 5 ml. of 
the dichlorohydrin are added to 10 ml. of a chloroform solution of vitamin A 
containing 600 to 3000 U. S. P. units. The vitamin A solution is made bj' 
a simple dilution of vitamin A oil with chloroform or by filtering a chloro- 
form extract of ground multivitamin tablets. The mixture is shaken for 5 
minutes. The color, which is first blue, passes through blue, blue-green, 
pink, rose, violet, and dirty blue, and in 30 minutes appears as a clear blue- 
green which can be read in the photoelectric colorimeter (660 mjx filter). 
By reference to a standard curve based on spectrophotometric assays the 
vitamin A content is easily determined. The blue-green color so developed 
with one lot of dichlorohydrin has been stable in the light for almost 24 
hours, while other lots give a color stable for approximately 3 to 4 hours. 
If a standard run at the same time (on one of the latter lots of reagent) is 
allowed to fade along with the unknown sample, the compared readings 18 
hours later still give vitamin A values almost identical with those calcu- 
lated from the readings taken at 30 minutes. 

With the Beckman spectrophotometer and 20 m^i intervals the reaction 
with vitamin A plus the HCl shows four maximum density peaks between 

*Sobel, A. E., and Werbin, H., Federation Proc., 4, 104 (1945). 

*As a word of caution, the dichlorohydrins are reputed to be strong heart and 
respiratory depressants. 
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400 and 800 mix within 10 to 20 minutes after the start of the reaction. 
These peaks are approximately at 440, 580, 640, and 740 m/i with a deep 
minimum density at 500 m/i. When the reaction is allowed to take place 
without HCl, the curve shows a maximum density peak at 560 mji and then 
after a low density at 620 m/j a continuous rise in density to 800 m/j. With 
the same quantity of vitamin A, the addition of the acid makes the density 
readings of the four maximum peaks over 2 to 3 times the density reading 
of the single maximum peak obtained without the addition of acid. 

Office of Marketing Services Louis Feinstein 

War Food Administration 
Washington 

Received for publication, June 18, 1945 



THE NITROGENOUS CONSTITUENTS OF FLAXSEED 

II. THE ISOLATION OF A PURIFIED PROTEIN FRACTION* 

By BRUNO VASSEL and L. L. NESBITT 

(From the Department of Agricultural Chemistry, North Dakota Agricultural College 
and Experiment Station, Fargo) 

(Received for publication, April 9, 1945) 

Data are available on the purified proteins of many of the common seeds 
of commercial importance. It is therefore surprising that little is knotra 
about the proteins of flaxseed, particularly because flax is an economically 
important crop in many sections of the world. Linseed meal, the nearly 
oil-free residue of the ground flax seeds, is rich in nitrogen and should com- 
mand a more important position in the economj' of the flax industry than it 
has up to now. 

The earliest report on flaxseed proteins is furnished by Osborne (1) who 
extracted lipid-free linseed meal with either water, 10 per cent NaCl solu- 
tions, or dilute alkali. He recorded that the addition of verj' dilute acetic 
acid to aqueous extracts precipitated some proteins which were soluble in 
an excess of the acid but which were again precipitated upon the addition 
of salt. Acidification of saline extracts with acetic acid precipitated pro- 
teins, insoluble in an excess of the acid, but partially soluble in an excess of 
cold HCl, and completely soluble in hot HCl. No further attempt to frac- 
tionate the flaxseed proteins has come to our attention since Osborne’s 
observations were published in 1892, but the literature contams a number 
of peptization studies vith various aqueous solvents (2-4)* and several 
partial amino acid analyses of the bulk of the crude protems (5-8). 

This report presents a description of the isolation, purification, and of 
some of the chemical and physical properties of one of the flaxseed proteins, 
which, according to data now available, appears to be the major protein of 
linseed meal. We propose naming tliis protein linin, derived from the 
botanical name of flax, Linum vsitatissimum. Throughout this in\'estiga- 
tion our primary aim has been to obtain linin as a homogeneous entity; 
consequently, less attention was paid to yield than to purity. We consider 
the procedure finalh' adopted as a reasonably satisfactory' one, subject, 
however, to further improvements. We shall also place on record some of 
the early difficulties which we encountered with water or dilute salt extracts 

* Published by periuission of the Director, North Dakota Agricultural Experiment 
Station. This work was carried out under Purnell Project 95, “The chemistry of 
flaxseed.” « 

’ Painter, E. P., and Nesbitt. L. L., unpublished. 
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of linseed meal. These observations may, perhaps, be useful to others who 
wish to investigate further protein extraction methods with aqueous sol- 
vents. We have particularly in mind those in the flaxseed industry who 
have long hoped to make better use of linseed meal. 

Flaxseed contains, in addition to linin, several other proteins. One of 
these in particular is obtainable in fair amounts. We shall occasionally 
mention this protein during the discussion and shall refer to it as conlinin. 
A detailed description of its isolation and purification ivill be submitted 
later. 


EXPERIMENTAL 

The seeds used were a mixture of samples received from agronomists who 
were wmrking to improve flax varieties. They consisted of the more com- 
mon flax varieties generally grown in the north central states. The seeds, 
cleaned from gross impurities by sieving through a 20 mesh screen, were 
ground in a laboratory model roller mill. The ground meal contained 5.7 
to 5.8 per cent moisture, 3.9 to 4.0 per cent ash, 4.9 to 5.0 per cent nitrogen 
(ash- and moisture-free’), and 37 per cent lipids, extracted in a Soxhlet appa- 
ratus for 24 hours with petroleum ether (Skellysolve, 40-60) . The nitrogen 
content of the fat-free meal was 6.80 to 6.85 per cent, ivhich by calculation 
indicates no loss in nitrogenous constituents during lipid extraction. 

Water and Aqueous Salt Extractions — ^The meal swells upon the addition 
of water or 5 per cent salt solutions but can readily be stirred or shaken at a 
ratio of 10 gm. or less of meal to 100 cc. of solvent. Aqueous solutions of 
the meal have pH values below neutrality, which slowly decrease further to 
an occasional low near pH 4.8. Salt solutions, either 5 per cent NaCl, 5 per 
cent Na:S 04 , or 7 per cent (NH 4 )jS 04 , have the same approximate initial 
pH value but the tendency of the pH to decrease further is not as pro- 
nounced as in the absence of salts. For 100 gm. of meal, from 2.5 to 3.5 cc. 
of 5 N NaOH are needed to maintain a pH of 7.0. In all of the extractioi^ 
here reported, 10 gm. of meal were shaken first -with 100 cc. and then with 
50 cc. portions of the solvents for 1 hour periods. Longer shaking increases 
but little the amount of extracted nitrogen. When water and 5 per cent 
Na 2 S 04 solutions are compared, the extractable nitrogen is more closely a 
function of pH than of the solvent used. Table I presents some data m 
dicative of the influence of pH on the amount of nitrogen extracts in 
water and 5 per cent NajS04 at pH values of 5.5, 7.0, 8.2 (Na-COj), an 
10.2 (NaOH). , 

The supiematant of an extract below pH 7 is cloudy and somewna 
low; alkaline extracts are deep yellow to orange in color. The cru e pr 

, * All analytical values and yields, unless otherwise stated, have been correcte 
ash and moisture content. 
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teins which precipitate from the extracts at pH 3.9 to 4.1, and which centri- 
fuge out readily, are wliite in appearance and give no indication that they 
contain material which upon re-solution in dilute NaOH gives rise to very 
slimj’’ solutions of a yellow to red-brown color. Proteins obtained from 
water or 5 per cent salt extracts at pH values below neutrality carry, upon 
solution at pH 10.2, considerably less of the colored and slimy impurities 
than when alkaline solutions are used in the original extraction. This is 
clearly reflected in the nitrogen values of some of the impure preparations of 
proteins isolated from the original extracts, as shown in the first four lines of 
Table VI. Filtration of the extracts raises the nitrogen content of the 
isolated protein, but a large part of the protein material is filtered out ivith 


Table I 

Njtrogen Pcplxzed from 10 Gm of Fat-Free Linseed Meal by Tilo Extractions of 100 and 
BO Cc of Water or B Per Cent NaiSO, at Different pH Values 


The calculations are based on the actual volume of supernatant recovered after 
centrifugation. 


Solvent used 

Solution 

N found m 


Total N extracted 

pH 

1st extract 

2Qd extract 



H,0 

5 5 

per cent 

43 4 

per cent 

9.5 


per cent 

52.9 

(( 

7 0 

54 2 

11 0 


65 2 

(( 

8 2 

69 3 

18 9 


78 2 

tl 

10.2 

68 7 

18 7 


87.4 


7 0 

53 8 

11 5 


65 3 

1* 

8 2 

55 4 

17 6 



n 

10 2 

65 3 

21 9 


87 2 


the slimy impurities. Highest protein yields of filtered salt extracts were 
obtained when 2 gm. of Hyflo Filter-Cel (Johns-Mantdlle) w^ere stirred into 
1000 cc. of solution at pH 10.2, and filtered by suction through a mat of 
approximately 2 mm. thickness of Filter-Cel supported on gauze. While 
this method is better than filtration through filter paper, the yield is still 
very poor, and the frequent reextractions are too inefficient to make this 
method acceptable. Osborne (1) recognized these difficulties in his state- 
ment (p. 655), “These operations [purification of 5 per cent NaCl extracts] 
were in all cases greatly prolonged on account of the gum contained in the 
seed, which rendered filtration extremely difficult and slow.” 

To avoid misunderstanding, we wash to state, however, that the removal 
of the slimy impurities is necessary only when it is desired to isolate the 
individual flaxseed protein fractions as homogeneous products, and in the 
highest attainable state of purity. Actually, from a quantitative stand- 
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point, the slimy impurities make up only a small part of the weight of the 
bulk of the crude proteins which precipitate when the pH of the oripnal 
salt extracts is brought to 4.5 mth 5 n HCl. 

Inasmuch as the residual, unextracted nitrogen of the meal is appreciable, 
ethanol extractions were made on the residue after 76.1 per cent of the 
original nitrogen has been extracted with 5 per cent ISTaCl. As shown in 
Table II, some of the residual nitrogen is alcohol-soluble. When aliquots 
of these extracts 'ivere diluted with 5 volumes of water, acidified, and tri- 
chloroacetic acid was added to a 10 per cent final concentration, opales- 
cence occurred, but no precipitate was formed during the next 24 hours. 
This was interpreted as indicating the absence of alcohol-soluble proteins 
in linseed meal after extraction with salt solutions. 


Table II 

Ethanol Extraction of Linseed Meal Previously Extracted Four Times at pH B.9 
with S Per Cent NaCl 

A total of 76.1 per cent of the original nitrogen had been extracted. The residual 


nitrogen content of the meal was 1.63 per cent. 


Ethanol concentration in aqueous 
solvent, % ... 

42 

SO 

58 

70 

75 

80 

N e.xtraoted per 100 gm. meal, ^m. . 

0.146 

0.139 

0.118 

0.112 

C.096 

o.oso 

Calculated N extracted, % 

8.95 

8.53 

7.24 

6.87 

;.88 

t 4.90 


Extraction with Organic Solvents. Ethylene Glycol — ^After it became evi- 
dent that it tvas very difficult to remove the slimy impurities from proteins 
extracted by water or salt solutions, our attention turned to organic solvents 
in the hope of finding one which would either precipitate the flaxseed pro- 
teins, or the gum, without precipitating both together. Preliminary tests 
with a number of organic solvents indicated that the gum consisted of at 
least tw’o components, either of which is responsible for the slimy consist 
ency of alkaline, aqueous extracts. One of these gummy substances coul 
be precipitated by the addition of ethylene glycol to aqueous or salt extrac 
of linseed meal. The precipitate was flocculent but settled unsatisfacton y- 
It required 30 minutes or longer centrifugation at fairly high speeds to pac j 
The precipitate, in a representative trial run, contained 5.68 per cent o e 
nitrogen of the extract. Since centrifugation w’as unsatisfactory, the mini 
mum ratio of 0.2 m phosphate buffer at pH 7.2 to ethylene glycol was 
tigated which w'ould e.xtract a maximum amount of nitrogen withou as 
extracting the gummy impurity. The absence of the latter was asce am ^ 
by adding enough gbreol to the e.xtract to give a final concentration o 
volumes to each volume of buffer. These data are shown in Table ‘ 

It is evident that beginning ivith a ratio of 1 : 1.25 of buffer c 
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glycol none of the ethylene glycol-insoluble material is extracted, I'^iirther- 
more, the amount of nitrogen in solution is constant for the range t/;sf/;d and 
amounts to about 65 per cent of the total nitrogen in three eztraetlonH, 
This is approximately equal to the nitrogen obtained by two extract ions 

Table III 

Nitrogen Peptized from 10 Gm. of Meal with tOO and BO Cc. Portione of Phonplinli- 
Buffer-Ethylene Glycol at pH 7.2 
The final phosphate concentration was about O.OS M. 


RaIIo of 
pbosph&te to 
ethylene 
glycol 

Total N extracted in 

Pptn.ofgum 

With 2 volumes ethylene 
glycol 

1st extraction 

2od extraction 

3rd extraction 

Total 


percent 

per cent 

per cent 

per cent 


1:0.50 

44.4 




Visible 

1:1.00 

39.1 




ft if 

1:1.10 

41.2 

20.7 



if // 

1:1.18 

40.7 

19.4 



Bvit,'/ i\ yy' 

1:1.25 

40.2 

17.6 

7.7 

65.5 

I'Oyy 

1:1.40 

40.7 

IS. 3 

6.3 

65.3 

f* 

1:1.50 

39.4 

18.3 

6.4 

64.1 

1 

t< 


Table IV 

Nitrogen Peptized from 10 Gm . of Meal with 100 and SO Cc. Portione of ‘ • P 
Buffer-Ethylene Glycol at Various pH Values 


The final phosphate concentration was about 0.08 M. 


pH of buffer- 
gVcol mixture 

pH of extract after 

Total N 

1st extraction 

2Dd extraction 

Ist extraction 




1 

per cent 


Water 

5.6 

5.3 

32.8 


6.5 

6.3 

6.6 

31.2 


6.8 

6.7 

6.9 

31.2 


7.7 

8.2 

7.2 

7.7 

7.7 

8.0 

40.4 

38.7 

"V 

8.6 

7.8 

8.0 

40.2 


9.0 

7.8 

8.1 

38.8 

V 

9.5 

7.9 

8.2 

39.0 


10.1 

8.0 

8.8 

38.8 

- 

10.5 

9.6 

10.0 

40.2 


10.8 

10.3 

10.4 

•40.7 

— 


nith water or 5 per cent NanSOi at pH /. lucre,. ■ . ^ 

above 7 has little influence on the amount of extmc. . - 

IV shows. , , , 

Not all of the nitrogen extracted by ethjdene t , , 
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A glycol extract, after dilution with 4 volumes of water, containing 0.340 
gm. of nitrogen per 100 cc., and representing 60.2 per cent of the original 
6.39 per cent nitrogen of the meal, was fractionated with 20 per cent tri- 
chloroacetic acid, with 20 per cent sulfosalicylic acid, and by dialysis fol- 
lowed by trichloroacetic acid precipitation. The data are shown in Table 
V. It is evident that trichloroacetic acid and sulfosalicylic acid precipitate 
about the same amounts of nitrogen, leaving 21.4 and 22.1 per cent of non- 
protein nitrogen, respectively, in solution. If the extract is first dialyzed 
and then precipitated with trichloroacetic acid, 28 per cent of non-protein 
nitrogen is found. We presume that the higher value after dialysis repre- 


Table V 

Dtslnbulton of Nitrogen in Twice Extracted Linseed Meal, with Ethylene 
Glycol-Phosphate Buffer 4s Solvent 



N calculated from 


N actually 
extracted 
(60 2 per 
cent of 
total N) 

Total N 

ID meal 
(639 per 
cent) 

N not extracted by 2 extractions 

Extracted N not precipitable by trichloroacetic acid 
“ “ “ “ “ sulfosalicylic acid 

Non-protein N, average of sulfosalicylic and trichloroacetic acid 

per cent 

22.1 

21.4 

terent 

39.8 

methods 

21 7 

13.1 

Protein N in extract, average (by difference) 

78 3 

47 1 

Total 


100 00 

N dialyzable in 6 days 

13 8 

83 

“ not dialyzable and not pptd with trichloroacetic acid 

14.2 

8,6 

Protein N after dialysis and trichloroacetic acid treatment 

72.0 

43 3 


sents some decomposition of the proteins by microorganisms. Assuming 
that 21.7 per cent is a close approximation of the non-protein nitrogen in 
the extract, then 78.3 per cent of the extracted nitrogen (or 47.1 per cent o 
the original nitrogen of the meal) is protein nitrogen. Exactly how muc^ 
of this protein nitrogen belongs to linin we do not know. Attemp^ c 
fractionate linin from conlimn by a single separation into soluble (con inui 
and insoluble (linin) fractions at pH 5.7 gave erratic results which 
only explain by our later observation that both proteins hai’e a strong 
dency to coprecipitate at their respective isoelectric points. 

Ethylene glycol extracts are deep yellow-red in color. When, a „ 
tion with 4 volumes of water, the bulk of the proteins is precipita 
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4.5, part of the pigment-producing substances becomes colorless and pre- 
cipitates with the proteins, the other colored part remaining in solution. 
Upon solution of the pioteins at values above pH 9, the pigments regain 
their former color, giving the entire solution a muddy brown appearance. 
If now filtered, all of the slimy impurity but only part of the pigments is 
retained by the filter paper. Filtration is considerably more rapid but an 
appreciable part of the proteins is again lost, although not as much as when 
the glycol-insoluble impuritj’' was also present. Accordingly, we searched 
for a further precipitating agent for the second gum-like substance. 

Dioxane — ^The addition of 100 cc. of dioxane to 100 cc. of glycol extract, 
diluted with 100 cc. of water, and maintained at pH 10.1 to 10.2, precipi- 

Table VI 


Ntirogen Content of Flax Proteins Obtained by Various Extraction Procedures 
All values are corrected for moisture and ash. 


T 3 rpe of solvent used for extraction 

Method of partial puri6catioD 

Protein 
isolated 
per 100 gm. 
meal 

N m 
protein 




percent 

HjO at pH 10.2 

2 reprecipitations 

16 2 

12.69 

“ “ “55 

2 

7 1 

16.28 

5% NajSOi at pH 5 5 

2 

7 4 

16 28 

S% “ “ “55 

Filtered, then pptd once 

1 7 

16 60 

1:1.4 PO< buffer-glycol 

Filtration, 4 pptns 

5.6 

16 79 

Same . . 

Dioxane treatment, 4 fil- 
trations and pptns 

5 2 

17 02 


tates the gum nearly quantitatively. The gum flocculates out and can be 
removed by centrifugation for 40 minutes. When large volumes are used, 
it is more practical to allow the impurity to settle during 24 hours, to siphon 
off and filter the supernatant, and to centrifuge only the residue. In a trial 
run, 0.8 gm. of a very slimy substance was isolated from a glycol extract of 
100 gm. of meal, containing 9.44 per cent (uncorrected) nitrogen. From it 
0.4 gm. of proteins was isolated. A second sample of this gummy material, 
after more extensive purification, contained 2 35 per cent nitrogen (uncor- 
rected), and 23.95 per cent ash. 

The supernatant, after removal of the gum, shows slight opalescence, and 
is strongly honey-colored. After dilution with 1.5 volumes of water and 
acidification to pH 4.5 to 4.6, Imin and conlinin precipitate together ^ a 
ivhite material, lea\dng a perfectly clear, honey-colored supernatant. Since 
small amounts of the dioxane-insoluble material are precipitated with the 
proteins, a second dioxane treatment, described in detail later, is necessarj'. 
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In a trial run, 5.2 gm. of limn and conlinin were isolated from a dioxane- 
treated glycol extract of 100 gm. of meal, after four reprecipitations at pH 
4.5 from filtered water solutions of pH 10.2. These proteins contained 
17.02 per cent nitrogen. Table VI summarizes the yields and the per cent 
nitrogen content of the preparations isolated by the previously discussed 
extraction procedures. It is evident that the purity of the product improved 
vith the adoption of each new procedure. 

The use of dioxane has still another advantage. The honey-colored 
ethylene glycol extracts carry, among others, a red pigment which, upon 


Table VII 

Nitrogen Peptized hy Two Extractions of 10 Gm. of Linseed Meal {100 and BO Cc.) hy 
Formic Acid-W ater Mixtures 


The per cent nitrogen extracted is calculated from the volumes of supernatant 
actually recovered after centrifugation. 


Fonnic acid used 

N extracted 

1st extraction 

2nd extraction 

Total 

per cent 

per cent 

percent 

per cent 

87.0* 

62.7 

18.5 

81.2 

78.3 

60.7 

18.5 

79.2 

69.6 

59.0 

17.3 

76.3 

60.9 

55.9 

15.3 

71.2 

52.2 

52.7 

15.4 

68.1 

43.5 

48.3 

14.4 

62.7 

34.8 

42.4 

13.3 

55.7 

26.1 

36.3 

12.0 

48.3 


* 87.0 per cent according to the manufacturer’s label. All other formic acid 


percentages are calculated accordingly. 


precipitation of the proteins on the acid side in the absence of dioxane, is to 
some extent carried down but is not in the presence of dioxane. 

Formic Acid — ^During a search for organic solvents which would extract 
the proteins from linseed meal without extracting carbohydrate impurities 
at the same time, the paper of Albanese et al. (9) on the use of formic 
as a peptizing agent of vegetable proteins came to our attention. ^ 
concentrated acid (87 per cent) extracted about the same amounts of mtro 
gen from linseed meal as did aqueous or salt solutions at pH 10.2. 
even a slight dilution, its peptizing powers decreased rapidly; illustra ne 
data are showm in Table VII. j 

Unfortunately, sufiBcient gum was extracted to discourage the use 
fomuc acid. One incidental observation, however, may prove of cons e 
able value. Purified linin dissolves very rapidly in 87 per cent formic a 
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■without alteration of its solubility, as far as we have been able to determine. 
The solubility of conlinin, on the other hand, becomes altered to the extent 
that only a milky appearing solution can be recovered after careful neutrali- 
zation to pH 4.5 at temperatures below 10°. This suggested a means of 
increasing the efiBciency of the final purification procedure for linin, as dis- 
cussed in the next section. 

Recommended Procedure for Isolation of Linin — ^250 gm. of petroleum 
ether-extracted linseed meal are mechanically shaken or stirred for two 
1 hour periods 'with 2500 and 1500 cc. of a buffer-glycol mixture, prepared 
from 417 cc. of 0.2 m Na2HP04-NaHiP04 at pH 7.2 to which are added 683 
cc. of ethylene glycol. Centrifugation after each shaking period yields a 
total of 3000 to 3100 cc. This solution has been kept for several months at 
room temperature, without noticeable growth of microorganisms. Upon 
standing, the pH slowly drops and some of the proteins -will precipitate. 
This is of no consequence, since the proteins will readily ledissolve in the 
next step of the procedure. 

The ^ycol 'extract is now brought to pH 10.0 to 10.2 by the dropwise 
addition of 25 per cent NaOH, •with constant mechanical stirring of the so- 
lution. To each 1000 cc. of alkaline extract are added 1000 cc. of distilled 
water, and slowly 1000 cc. of dioxane while the solution is stirred and main- 
tained at pH 10.2. The gum becomes increasingly insoluble •with increasing 
alkalinity, but to go above pH 10.2 is of no advantage. After about 2 
hours, flocculation begins and is complete in about 24 hours. The super- 
natant, which is slightly opalescent and strongly honey-colored, is siphoned 
off and filtered. The residue is centrifuged at high speeds for 40 minutes 
and the supernatant added to the filtrate. After dilution with 1.5 volumes 
of distilled water and acidification to pH 4.5 to 4.6 with 5 n HCl, the white 
proteins (linin plus conlinin) settle out readily in a few hours, lea'ving a 
clear light yellow supernatant from which the small albumin and globulin 
fractions can be salted-out. This will be described in a subsequent report. 
The precipitated proteins are dissolved in 2000 cc. of distilled water at pH 
10.2 (NaOH). For every 1000 cc. of solution 380 cc. of dioxane are added, 
the pH being maintained at 10.1 to 10.2. The small amounts of giunmy 
material which escaped the first dioxane treatment are filtered off vith 
Schleicher and Schull No. 725 filter paper, the best paper for flax protein 
work that we have foimd. The filtrate is brought to pH 4.5, the precipi- 
tated proteins centrifuged, and the now only faintly yellow supernatant 
is discarded. The proteins are redissolved in water at pH 10.0 to 10.2, 
reprecipitated first at pH 5.7 (linin) and then at pH 4.5 (conlinm). The 
latter is redissolved once more at pH 10.2, reprecipitated at pH 5.7, and the 
proteins obtained at this pH added to the first batch. It is possible to 
obtain linin almost free from other proteins by repeated solution at pH 10.2 
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and reprecipitation at pH 5.7. The last traces of protein impurities are, 
however, difficult to remove, unless the rather severe formic acid treatment 
is used. 

Unless later proved otheniise, we now believe that it is safe to dissolve 
linin (from 250 gm. of meal) in about 800 cc. of 87 per cent HCOOH, to 
stir it at room temperature for 15 to 20 horns, and to recover the now con- 
linin-free linin by dilution wnth an equal volume of water, the temperature 
being maintaiaed below 10° with additions of ice directly while 5 N NaOH 
is added dropwise with mechanical stirring until the pH is above 4. A final 
adjustment to pH 5.7 is made after the solution has come to room tempera- 
ture. In order to wash out adhering decomposition products of the 
previous protein impurities, the linin is once more dissolved in 1000 cc. of 
water at pH 10.2 and reprecipitated at pH 5.7. The precipitate can be 
dried without a noticeable change in its solubility properties by washing it 
■with ethanol and ether. 

Data presented in Table VIII were obtained from two linin preparations, 
neither of which had been treated with dioxane. The use of dioxane in the 
removal of the second of the gummy impurities is a rather recent develop- 
ment, and while w’e now have dioxane-treated protein preparations of 
nitrogen content equal to our purest preparations by other methods, no 
solubility data have as yet been obtained on these as criteria of purity. 
The proteins discussed in Table VIII were, in one case, preuared from a 
six times filtered and reprecipitated ethylene glycol extract, treated with 87 
per cent HCOOH, as previously discussed. The final product w'as dried 
with alcohol and ether. The other linin preparation of Table VIII was 
isolated from an ethylene glycol extract. A total of eighteen precipita- 
tions at pH 5.7, and peptizations at pH 10.2, followed by filtration each 
time, was performed. After being dialyzed and dried from the frozen 
state in a high vacuum (10), this preparation contained 17.15 per cent 
nitrogen (micro-Kjeldahl (11)), 0.64 per cent sulfur (alkaline permanganate 
ashing (12)), 1.26 per cent phosphorus (Berggren’s (13) modification o 
Fiske and Subbarow’s (14) method), and 0.51 per cent carbohydrate 
(Hewitt’s (15) adaptation of Sprensen and Haugaard’s (16) method, wit 
an equimolar mixture of galactose and mannose as the arbitrary reference 
solution). All values are calculated on an ash- (1.49 per cent) and mois 
ture- (2.90 per cent) free basis. When tested for homogeneity by ® 
application of Gibb’s phase rule to solubility data in accordance wi 
Xorthrop^ and Kunitz’s (17) method, as modified bj' Butler (18), the 
ration was found to be contaminated by small amounts of one or more o e^ 
proteins. The entire preparation was therefore shaken in m/15 phosp a 

’ We wish to-cxpress our gratitude to Dr. J. H. Northrop for 
suggestions with respect to the handling and interpretation of tlie solu i i > 
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buffer at pH 5.7, containing 0.25 saturated Na^SO^, in a constant tempera- 
ture bath at 25°. The NasSOt served as a bacteriostatic agent. After each 
48 hour shaking period the solution was centrifuged and the supernatant 



Fio. 1. Solubility of linin in k/ 15 pho8phate-0.25 saturated sodium sulfate at pH 
5.7 and 25° in the presence of increasing quantities of solid phase. 


Table VIII 

Chemical and Physical Data on Two Linin Preparations 


All values are calculated on an ash- and moisture-free basis. 



Linin prep&red by 


Equilibrating 
in POi buffer 

HCOOH 

treatment 

Nitrogen, % 

16.99 


Sulfur, % 

0.61 


Phosphorus, % 

<0.01 


Carbohydrate, % 

Isoelectric point (from Fig. 2) 

Approximate solubility in distilled water adjusted to indi- 
cated pH with HCl or NaOH 

0.54 
5.76 
Above 6.9 
Below 3.6 

H 


* Hewitt*s method calls for the addition of 60 per cent HjSO( to the protein. 
IVhen this is done, a deep violet color develops in the HCOOH-treated protein, even 
in the absence of orcinol, which makes a colorimetric carbohydrate determination 

impossible. 

analyzed for nitrogen. After the eighth shaking period, constant nitrogen 
Values were obtained. The product tvas now tested for purity b 3 ' solubilitj" 
measurements and was found to be homogeneous (Fig. 1) from the slope of 
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1, and from the constant solubility when fully saturated. Chemical and 
physical data on the dialyzed (16 days) preparation after it was dried from 
the frozen state are given in Table VIII, which also contains the correspond- 
ing values for the preparation treated mth formic acid. An interesting 
feature of these data is the absence of phosphorus in both of the purified 
preparations. It should be recalled that one of these preparations, prior 



Fig. 2. Electrometric titration curve of linin between pH 2.5 and 11.5 

to equilibration to constant solubility, contained 1.26 per cent phosphorus. 
It is unlikely that this was due to contamination by inorganic phosphoiw 
for the following reasons. Eighteen reprecipitations at pH 5.7, follonea 
by a 16 day dialysis, should have removed most of the inorganic phospho 
rus; the nitrogen content of the protein prior to the removal of the p los 
phorus was as high as that of the final homogeneous product; lastly, t e 
two crude protein preparations isolated from a 5 per cent NaiSOi extrac 
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at pH 5.5 and from dilute alkali at pH 10.2, shown in Table VI, contained 
0.45 and 0.54 per cent phosphorus, respectively, but neither of these had 
been extracted with phosphate-buffered solutions. We are inclined to 
believe that a phosphorus- and nitrogen-rich substance was removed by the 
equilibrating procedure, and by the HCOOH treatment. 

In order to obtain a better approximation of the isoelectric point an elec- 
trometric titration of linin in 1 n KCl w'as performed between pH 2.5 and 
11.5 at 25°, shown in Fig. 2. A Coleman glass electrode assembly was used. 
No further glass correction was applied for the electrode in alkaline solu- 
tions. According to the titration data the isoelectric point lies at or close 
to pH 5.75, which confirms our previous observation that the maximmn 
insolubility of linin appears to be near pH 5.7. 

DISCUSSION 

It is difficult to compare our data with those of Osborne (1). It appears 
that the protein w’hich Osborne describes as insoluble in dilute and strong 
acetic acid, but partially soluble in strong HCl, resembles most closely the 
properties of our linin preparations. All of Osborne’s “globulins” crj'stal- 
lized readily during dialysis as octahedra or spheroids; none of our linin or 
conlinin preparations are ciystalline. The least understandable differences 
betw'een Osborne’s and our preparations are the analytical values for nitro- 
gen and to a lesser extent sulfur. His globulins, calculated on an ash-free 
basis, contained 18.34 to 18.95 per cent nitrogen and 0.73 to 0.99 per cent 
sulfur. These figures are appreciably higher than ours and we are at a loss 
to account for these differences. 


SUMMABY 

The isolation of a protein from flaxseed is described. It appears to be 
the major protein component. The purified protein, named linin, according 
to solubility data, is a homogeneous product. It has an isoelectric point at 
or near pH 5.75, and contains 17.0 per cent nitrogen, 0.6 per cent sulfur, and 
0.54 per cent carbohydrate. 
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ON THE REVERSIBILITY OF LEVULAN SYNTHESIS BY 
BACILLUS SUBTILIS 

Bv iMICHAEL DOUDOROFF and ROLIE O’NEAL 
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(Received for publication, April 25, 1945) 

Since the discovery of the phosphorolytic breakdoivn and synthesis of 
starch, glycogen, and sucrose, the attention of many cell physiologists has 
been centered on the role of phosphoric esters of sugars as precursors of 
polysaccharides and of disaccharides in plant and animal metabolism. 
VTiile the importance of phosphoric esters in metabolic processes is well 
established, it must be realized that synthetic mechanisms not directly 
involving such compounds may be wide-spread in nature. For this reason, 
the bacterial syntheses of levulan and of dextran from sucrose are of special 
interest, since the formation of these polysaccharides is easily effected with 
cell-free enzyme preparations and does not appear to involve the accumula- 
tion of phosphoric esters. 

Hehre (1) has obtained a crude enzyme preparation from cultures of 
Leuconostoc mesenteroides which catalyzes the reaction 

nCt2H2:Ou “* nCeHiiO* + {CsHioOs)^ 

Sucrose Fructose Dextran 

The same species has been shown by Kagan, Latker, and Zfasman (2) to 
cause the phosphorolysis of sucrose with the formation of fructose and 
glucose-l-phosphate, a reaction which has been studied with another bac- 
terium and used as the basis for synthesis of sucrose and related disacchar- 
ides (3-6). It therefore seemed reasonable to suppose that dextran would 
arise as a condensation product of glucose-l-phosphate. Hehre (7) has 
shoTO that this is not the case, since his enzyme was inactive toward the 
phosphoric ester. 

Hestrin and Avinieri-Shapiro (8) have shomi a similar situation in the 
synthesis of levulan from sucrose by Aerobacter levanicum. The crude 
enzyme preparation obtained by them catalyzes the reaction 

nCi.HjjOii (CiHioOs)™ -1- nCsH.jOs 

Sucrose Levulan Glucose 

In addition, some inversion of sucrose occurs; so that the authors nere 
prompted to write a more complicated but hardly a more useful expression 
of the observed facts, in which both the sjmthetic and hydrolytic clea^ age 
products are included. Thej^ found the ratio of sucrose hydrolj’zed to su- 
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crose used in levulan synthesis to approximate unity. Their dialyzed 
enzyme was found to be active in the absence of added phosphate, indicating 
that no accumulation of phosphoric esters is necessary for the synthesis of 
levulan. Hestrin and A^^nieIi-Shapiro’s studies of the properties of their 
enzymes were as thoroughly carried out as the crude material permits and 
leave little to be desired. One question, however, was left -unanswered 
by these authors; namely, whether the reaction is reversible. They could 
not show that the reverse reaction occurred when glucose and levulan -were 
added to the enzyme. The question is a rather important one, since 
thermodynamic considerations would lead one to expect an equilibrium 
in which demonstrable quantities of the reactants would occur, and an 
irreversible reaction would be incompatible -with our knowledge of enzyme 
chemistry. For this reason, it seemed of interest to reinvestigate the prob- 
lem to see whether reversibility could be demonstrated for the process. 


EXPEHIMENTAL 


Instead of Aerobacler cells, the source of enzyme used in the present 
studies was the culture medium in which Bacillus suUilis^ had been grown 
in the presence of sucrose. The ability of many Bacilli to form levmlan 
and the occurrence of the active principle in the cell-free medium have 
familiar to every bacteriologist since the pioneering work of Beijerinck 

. .... 

The properties of the enzyme preparations thus obtained are very simiWr 

to those described by Hestrin and Avinieri-Shapiro. Both synthesis o 
levulan and hydrolytic cleavage of sucrose appear to go on simultaneous^, 
but the ratio between the products of hydrolysis and synthesis -was foun 
to vary considerably, depending on the environmental conditions and t e 
method of treatment of the preparations. The optimum is around p 
5, the synthesis of le-vulan proceeds readily -without added phosphate, M 
the rate of synthesis is reduced by the addition of glucose. Unlike t fw 
preparations, however, the Bacillus sublilis culture medium -ivas foun 
effect a slow hydrolysis of levulan, indicating that the accumulated po i ^ 
saccharide might be used as an extracellular reserve product by- the 
ism. As in Hestrin’s stupes, the reversibility of levulan S 3 mthesm cou 
not be demonstrated directly -with these preparations. It seeme ' 
that a major difficulty was the high molecular -weight and hence t 
tively low molar concentration of the polysaccharide in solutions 
can be readily handled. It seemed desirable, therefore, to disp ac ^ 
equilibrium to the left by removing any traces of sucrose -whic nug ^ 

'The culture used in these studies was found in the j*(„.of(Jic 

kindly identified for us byDr. XathanR. Smith of the Bureau of Plaut ° 

United States Department of .\griculture as typical Baciltiis suhli is. 
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formed by the reverse reaction. This was done by the addition of yeast 
invertase, in the presence of which indirect evidence was obtained for the 
occurrence of a back reaction and for a new mechanism of sucrose synthesis. 

Experiments with Concentrated Culture Medium — Cultures of Bacillus 
subtilis grown in a medium containing sucrose were used as a source of both 
levulan and enzyme for the experiments. The medium was prepared 
with 5 per cent sucrose, 0.05 per cent MgSOi ■ 7 H 2 O, 5 per cent yeast auto- 
lysate (by volume), and si/30 KHjPOi-NaiHPOi (Sorensen) buffer at pH 
6.8. The organisms were allowed to grow for 20 hours at 30° with constant 
agitation on a rotary shaker, and removed by centrifugation. The super- 


TABtE I 

Decomposition of Levulan vtith Concentrated Enzyme Preparalion 


Expetimcnt No, 

Levulan and enzyme 
cooceatrate 

Additions 

Reducing sugar 
(as mg. fructose per 
ml.) produced from 
levulan in 24 brs. 
at 30* 

1 

Inactivated 

None 

0 

2 


Glucose 

0 

3 

te 

Invertase 

1.2 

4 

it 

“ fructose 

1.1 

5 

“ 

" glucose 

1.2 

6 

Active 

None 

2.6 

7 

it 

Fructose 

2.6 

8 

it 

Glucose 

2.8 

9 

«< 

Invertase 

4.0 

10 

ti 

“ fructose 

3.7 

11 

n 

<■ glucose 

6.2 

12 

it 

" phosphate 

6.2 


natant was then dialyzed for 15 hours against runningitap water, buffered 
with 0.002 M citrate buffer at pH 5.5, and concentrated by vacuum distilla- 
tion at 10° to about one-tenth the original volume. The concentrate was 
again centrifuged and the supernatant dialyzed against running distilled 
water on a rocker for 18 hours. It was then buffered wth 0.0125 m citrate 
buffer at pH 5.5 and centrifuged again. Part of the concentrate vm in- 
activated by heating at 100° for 2 minutes, while the balance was used as a 
source of active enzyme preparation. Various additions were made to t e 
active and inactive levulan preparations, as shown in Table I. The ^ a 
concentration of levulan in all samples was 22 mg. per ml., representmg 
approximately a 5-fold concentration of the original medium. The actmtj 
of the enzyme preparation was roughly tested by allowing it to act in om 
sixth of the final concentration on a 6 per cent sucrose solution, n 
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hours at 30°, 2.1 mg. of sucrose were transformed to levulan and glucose and 
an additional 7.6 mg. hydrolyzed per ml. 0.02 per cent invertase (Waller- 
stein) was used where indicated, while the sugars were added to make the 
final concentration 0.043 M. 0.008 M phosphate was added to one tube 
as NaH2P04-Na2HP04 buffer at pH 5.5. The samples were incubated 
under toluene in rubber-stoppered test-tubes at 30°. 

Determinations of reducing sugar were made -ndth the method of Hassid 
(10), while the leYuilan was estimated from the amount of reducing sugar 
appearing after hydrolysis with 0.3 n HCl for 4 minutes at 100°. The 
degradation of levulan was followed by measurement of reducing sugar 
appearing in the mixtures. That this reducing sugar is actually formed 
from leY-ulan was shown by the fact that in all cases the total reducing 
value upon acid hydrolysis remained constant throughout the experiment, 
so that the appearance of sugar was balanced by the disappearance of 
polysaccharide. It will be seen from Table I that a slow hydrolysis of 
levulan is effected by the enzyme preparation as well as by the invertase. 
In combination, the two agents have an approximately additive effect in the 
absence of glucose. The addition of glucose has no significant effect on 
the action of either the enzyme preparation or of invertase alone on levulan, 
but significantly increases the amount of reducing sugar produced from the 
polysaccharide when both active bacterial enzyme and invertase are allowed 
to act together. 

This may be interpreted as indicating the following reactions. 

(1) Levulan H- H 2 O fructose (or other products of hydrolysis) 

(2) Levulan -f HjO — '"vertaae ^ fr^ctose (or other products of hydrolysis) 

(3) Levulan -1- glucose ■< — W — j sucrose 

(4) Sucrose HjO — fructose -f- glucose 

Reactions 1, 2, and 4 appear to be irreversible because of the relatuel) 
high concentration of water, while the direction of Reaction 3 is norma J 
obsenmd from right to left, and the demonstration of its occurrence rom 
left to right must depend on Reaction 4. Apparently the invertase con en^ 
of the bacterial enzyme preparations themselves is insufficient to remov 
sucrose formed in Reaction 3 rapidly enough to make an apprecia e 1 
ference between the rates of levulan breakdown ivith and ivithout g 

That the cleavage of leYmlan proceeds from the ends of t e m 
cule rather than through splitting into levulans of lower molecu 
is indicated by the fact that a rather considerable reducing values 0 
without much visible change in the opalescence or viscosity of t le 
Mild acid hydrolysis, on the other hand, brings about a rapid re u 
the colloidal properties with very slight increases in reducing 1 a ue. 
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As might be expected, fructose cannot replace glucose in increasing the 
rate of levulan breakdown , Other experiments with mannose and galactose 
in place of glucose were not sufficiently convincing to rule out the possibility 
of a slight reaction of these sugars with levulan, but indicated that if such 
a reaction does occur, it is very slow as compared with the one involving 
glucose. 

It is also clear that the addition of phosphate does not increase the rate 
of the degradations of levulan. This would be fully expected from the 
observation that added phosphate is unnecessary for its formation. No 
esterification of inorganic phosphate was ever observed with either sucrose 
or levulan as substrate for the bacterial enzymes. 

Experiments of longer duration than 24 hours were no more convincing 
than those of short duration. Although a greater amount of reducing sugar 
is formed if incubation is prolonged, the ratio of excess sugar appearing in 
the presence of glucose to that produced hydrolytically decreases markedly 
\rith time. This is particularly true at temperatures higher than 30°, 
and is apparently due to the gradual inactivation of the levulan-forming 
enzyme. 

Experiments with Precipilaled Enzyme — In preliminary experiments it 
had been found possible to obtain enzj'me preparations from the culture 
medium which could catalyze the synthesis of levulan from sucrose and 
were relatively free of preformed polysaccharide. The method of separat- 
ing the enzymes from the viscous medium was suggested by the successful 
preparation of dextran -synthesizing enzyme by Hehre (1), and depends on 
the adsorption of the active principle on a chloroform emulsion, followed 
by precipitation with alcohol. While the method has not as j’et been 
sufficiently developed to obtain good recovery or very active preparations, 
it seemed desirable to repeat the observations on the reversibility of levulan 
synthesis ■with such material. In addition, the use of these preparations 
made it possible to test their activity on levulan partly degraded bj’’ mild 
acid hydrolysis. 

The source of enzymes was a 48 hour culture of Bacillus subtilis grown 
under conditions already described, except that the concentration of yeast 
autolysate in the medium was reduced to 2 per cent by volume and 0.05 
per cent NH,C1 was added. 750 ml. of the culture were centrifuged and 
the supernatant left overnight in the ice box. Ice shavings were then 
added and the medium was emulsified in 250 ml. lots with 20 ml. amounts 
of ice-cold chloroform in a Waring blendor. The emulsion \\as cenirifuged 
lightly and the aqueous supernatant discarded. The pooled chloroform 
emulsion was washed three times by recmulsification vith 600 ml. amounts 
of ice-cold water and centrifugation as above. The emulsion vas then 
broken up by shaking wth 300 ml. of cold 95 per cent alcohol and left for 
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1 hour in the ice box. It was then centrifuged at high speed, the alcohol 
drained off and discarded, and the precipitate resuspended in 15 ml. of 
0.125 M citrate buffer at pH 5.5. Insoluble material was removed by 
centrifugation, and the supernatant, which contained onh' a small amount 
of le^nilan, was used as source of en 2 ymes for the experiments. When 
allowed to act in a 1:10 dilution on a 6 per cent sucrose solution for 24 
hours at 30° the preparation effected the conversion of 2.0 mg. of sucrose 
to le\'ulan and glucose and the hydrolysis of an additional 5.1 mg. of the 
sugar per ml. 1.5 volumes of this solution were added to 5 volumes of 
experimental mixtures containing the substrates. 

A solution of levulan was prepared from heat-inactivated culture medium 
centrifuged free of bacteria, concentrated by vacuum distillation, and 
dialyzed for 24 hours against running distilled water. Part of the lenilan 


Table II 

Decomposilion of Levulan with Precipitated Enzyme Preparation 


Experiment No. 

Substrate 

Additions 

Reducing sapt 
(as as. fructose per 
ml.) produced froa 
levuUs in 18 
*tW 

1 

Levulan 

None 

o.s 

2 


Invertase 

1.1 

3 

<< 

“ glucose 

1.9 

■1 


“ fructose 

LI 

5 

Degraded levulan 

CC 

2.5 

6 

1 (( Cl 

“ glucose 

3.4 


was degraded by mild acid hydrolysis with 0.1 N HCl for 60 minute a 
room temperature, after which the acid was neutralized with f'O • 
Sufficient NaCl was added to the untreated levulan to attain the same sa^ 
concentration as in the hydrolyzed material. 26 mg. of the treats an 

untreated levulan were used as substrate per ml. of solution. Theunny 

ly'zed levulan possessed a very small reducing value with ferncyam 
agent, while the degraded material gave a value approximating 4 per ee 
of that obtained on complete hydrolysis. _ . 

Sugars and invertase were added in the same concentration 
previous experiment. Incubation was for 18 hours at 30 under 
Table II shows the results of such an experiment. manner 

It will be seen that the precipitated enzymes behave in the 
as the concentrated culture medium, and that the partiallj y 
levulan can act as a substrate at least as well as undegraded po 1 
The excess sugar produced in the presence of invertase an g 
f erence between Experiments 2 and 3) is almost 3 times the amo 
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produced by hydrolysis alone with the bacterial enzymes (Experiment 1). 
It is clear that the rate of hydrolysis of the degraded levulan is greater than 
that of whole levulan, undoubtedly due to the increase in molar concentra- 
tion of the substrate. The experimental results show but little correspond- 
ing increase in the rate of excess sugar production in the presence of glucose. 
However, the limitations of the method of measuring small changes in 
reducing value in the presence of relatively large amounts of sugar, and the 
uncertainty as to the stability of the enzyme and the effect of glucose 
on invertase activity imder the conditions of the experiment, make it impos- 
sible to draw any conclusions regarding relative rates of the reverse reaction 
with hydrolyzed and unhydrolyzed levulan. In other experiments, in 
which hydrolyzed levulan was added to unprecipitated enzyme concen- 
trates, there was good evidence that the rate of reaction with glucose is in- 
creased hy approximately the same factor as the rate of hydrolysis by 
degradation of the polysaccharide. 

DISCUSSION 

The indirect evidence of the reversibility of levulan synthesis indicates 
a new biological mechanism for the synthesis of sucrose. It is most 
probable that, by using a similar approach, the reversible nature of dextran 
synthesis and a third mechanism of sucrose formation could be shown. 
The extremely low rate of reaction between levulan and glucose observed 
in the experiments precludes the possibility of demonstrating the accumula- 
tion of sucrose by any but indirect means, unless the rate can be increased 
enormously. 

Although the type of mechanism studied may be of some importance in 
the biological syntheses of polysaccharides, it seems unlikely that it can 
be useful for such processes as the transformation of starch to sucrose in 
plant tissues. The equilibrium appears to be far in favor of the poly- 
saccharide, which is present in relatively low molar concentration owing to 
its high molecular weight. 

Of fundamental interest is the role of the glycosidic bond in the trans- 
formation of disaccharides to polysaccharides. In the system studied there 
appears to be an exchange of residues attached to fructose, mthout the 
accumulation of an intermediate phosphoric ester. It is, of course, possible 
that transitory intermediates of unknown nature may occur on the enzyme 
surface. It seems fair to conclude that the residues of at least some glyco- 
sides may play a role similar to that of the phosphate group of glucose-1- 
phosphate in the biological synthesis of complex carbohydrates. 

SUMMART 

1. In a system containing levulan, glucose, yeast invertase, and enzjmes 
from the culture medium of Bacillus subtilis, evidence of the reversibility 
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of levulan synthesis and for a new mechanism of sucrose formation was 
obtained. 

2. In addition to the levulan-sjmthesizing enzyme, the bacterium excretes 
a hydrolytic enzyme capable of attacking levulan, 

3. The enzymatic decompositions of levulan and of levulan partially 
degraded by mild acid hydrolysis could be demonstrated with enzymes 
separated from the culture medium by adsorption on a chloroform emulsion, 
followed by alcohol precipitation. 
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(Received for publication, May 4, 1945) 

In the earlier papers of this series (1-4) studies of the nature and rate 
of glycogenesis in the liver and in the muscle of rats have been reported. 
Observations on the uptake of deuterium into glycogen from D^O in the 
body fluids have been made rvith normal rats eating glucose (1) and galac- 
tose (4), vvith previously fasted rats given glucose or lactate (2), and with a 
diabetic rat receiving glucose (3). In the present paper we report further 
observations in which the rate and nature of glycogenesis have been in- 
fluenced by variation of other conditions. 

Effect of Adrenalin upon Fasted Rats — Since very little glycogen persists 
in the liver of a rat after 24 hours of fasting, if the glycogen content of 
such a liver is made to increase abruptly, the newly deposited glycogen will 
be minimally contaminated wth preexisting glycogen. If this rapid rise 
in liver glycogen occurs while the body fluids are enriched with DjO, then 
the deuterium concentration in the total liver glycogen, minimally diluted 
by preexisting non-isotopic glycogen, should approach very closely the 
deuterium concentration of the freshly synthesized product. 

It has been pointed out (1) that the highest concentration of deuterium 
observable under such conditions should lie in the neighborhood of 66 per 
cent of that in the body water, and that this value would be achieved only 
if each hydrogen atom in the glycogen were, in the animal, of the same 
isotopic composition as the hydrogen of the body water. This would 
require that, at some stage during glycogenesis, each hydrogen atom was 
either derived from or exchangeable with hydrogen of the body fluids. 
These conditions were experimentally approximated in the case of liver 
glycogen obtained from previously fasted rats fed lactate (2). This sample 
of glycogen contained 57 per cent as high a concentration of deuterium as 
the body fluids from the same animals. 

The administration of adrenalin to previously fasted rats has been shown 
to result in a decrease in muscle glycogen and an increase in liver glycogen, 
and it has been proposed that adrenalin stimulates anaerobic glycolysis in 

* This work was carried out with the aid of grants from the Nutrition Foundation, 
Inc., and the Josiah Maey, Jr., Foundation. 
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muscle with liberation of lactic acid which the liver utilizes for glycogenesis 
(5). We have argued that if the previously fasted rat, when given adrena- 
lin, actually makes liver glycogen out of lactate, this glycogen, in our type 
of experiment (Table I), should show the same isotope distribution as the 
glycogen from the livers of the previously fasted rats fed lactate. 

A comparison of these two experiments is given in Table II. The ad- 
ministration of either lactate by stomach tube or adrenalin subcutaneously 
to previously fasted rats resulted in a marked increase in the quantity of 
liver glycogen over the fasting level. The deuterium concentrations of 
these two samples were essentially identical, 57.0 and 56.2 per cent re- 
spectively of the concentrations in the body water. This agreement is 
precisely what would be expected from the hypothesis of Cori (5) and is 
taken as confirmation of his proposal that the extra liver glycogen that 
appears when a fasted rat is given adrenalin is synthesized from blood 
lactate. Too little glycogen remained in the muscles of these rats to permit 
satisfactory isolation. 

Effect of Insulin upon Previously Fasted Rats — When glucose was fed 
by stomach tube to previously fasted rats containing DjO in their body 
fluids, the glycogen which was deposited in large amounts in the liver lyas 
not as rich in deuterium as was the liver glycogen in the corresponding 
experiment in which lactate was fed (2). This type of glycogenesis, with 
the introduction of appreciably less than the theoretically maximal amount 
of deuterium, has also been encountered in well nourished rats fed glucose 
(1) or galactose (4) at a dietary level of 60 per cent. The explanation must 
lie in the synthesis of at least a portion of the glycogen by the more or less 
direct utilization of the non-isotopic dietary hexose without prelimmnr) 
degradation to fragments with completely and readily exchangeable hydro- 
gen. The simplest assumption is that direct conjugation of dietary glucose 
molecules to glycogen takes place. 

In similar studies conducted on a rat rendered diabetic with alloxan i 
was observed that the glycogen, both in liver and in muscle, though reduce 
in quantity, ivas richer in deuterium than in the corresponding non-dia e i 
animals (3). This finding was taken to mean that the type of 
favored by insulin was the direct conjugation of glucose, which ° 
the introduction of little or no isotope, and that the process 
the diabetic animal was glycogenesis from smaller fragments involving 
incorporation of much deuterium from the body fluids. effect 

Tivo experiments have now been completed in which the 
the effect of extra insulin upon normal animals, has been studied. 
in appropriate dosage was injected into previously fasted rats 
simultaneous administration of glucose on the one hand and ^ elvco- 
other. In neither instance was there any increase in quantity o n er 
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gen over fasting levels, a finding which, in the case of the lactate feeding, is 
in accord vitli the recent report of ICaplan and Greenberg (6). The 
amounts of liver glycogen recovered were too small to permit of deuterium 
analysis. 

The muscle glycogen in both experiments was markedly increased in 
quantity over the fasting levels, about 7-fold when glucose was fed and 
more than 3-fold when lactate was fed. In relation to the tremendous 
increases in quantity of glycogen in the muscle, the concentrations of deu- 
terium in these samples uere quite low. The inference that the extra 
glycogen deposited in the muscle in lesponse to insulin was very poor in 
isotope, considered together with the earlier results, confirms the belief 

Table I 

Deuteriuni Conccnlralions in Glycogen and Fatty Acids of Previously Fasted Rats 
Treated with Adrenalin and with Insulin 

Sl\ adult female rats in each group were fasted for 21 hours and then given DjO 
subcutaneously. 1 hour later insulin or adrenalin was injected and glucose or lactate 
fed by stomach tube in dosages indicated m the te\t The rats were killed 3 hours 
thereafter. 


The results are evpressed in atom per cent deuterium 


Treatment 

Body 

water 

Liver 

glycogen 

Carcass 

glycogen 

Liver 
fatty 
acids I 

Depot 

fatty 

acids 

Adrenalin 

1.28 

0 720 

Hi 

Hm» w 

0 007 

Insulin -b glucose 

1.30 1 



WiWi!i' H 

0.000 

“ -t- lactate 

1.19 


■1 

0 007 1 

0 006 


that the process favored by insulin, the process impeded in diabetes, is the 
direct utilization of hexose for glycogenesis. 

In the diabetic animal a second observed defect was the marked retarda- 
tion of fatty acid synthesis, lipogenesis (3). We have therefore sought for 
conditions under which the converse of this effect, stimulation of lipogenesis 
in response to administered insulin, would be manifest. I^Tiereas increased 
lipogenesis in the liver might or might not result in an increase in the 
quantity of fatty acid in the liver, depending on the integrity of the fat 
transport systems, in our type of experiment it would almost necessarily 
result in an increase in the deuterium concentration in the liver fatty acids. 
The failure to find such an increase in the liver fatty acids of the normal 
rats receiving insulin, as compared with others that received no insulin 
(Table II) , indicates that no great increase in fatty acid sjm thesis could ha\ e 
occurred in the livers of these animals. 

Alloxan-Diabelic Rat on Glucose-Free Diet — ^We have previously shown 
that a rat rendered diabetic uath alloxan, kept on a high carbohydrate diet, 
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phlorhizin and M'as studied by the same procedures rrhile maintained on a 
60 per cent carbohydrate diet. WTiereas veiy high concentrations of urin- 
aiy^ glucose were attained, the polyuria seen in alloxan diabetes did not 
occur, nor did the striking loss of depot fat. The body fluids were enriched 
Muth D:0 for 56 hours prior to death, as in the other experiments with 
diabetic rats. 

Despite the glucosuria, this rat analytically resembled closely the normal 
rat on an equivalent diet. The deuterium concentrations in the fatty acids 
and glycogen of liver and of carcass were veiy near to what would be ex- 
pected in the normal animal, as may be seen by comparison with 

T.tBLE IV 

Isotopic Composition of Vriiiary Glucose 
From the urine of rats rendered diabetic with allox.'in or treated with phlorbizm 
and maintained with an elevated D:0 concentration in their body fluids, glucose has 
been isolated as the pentaacetate and analyzed for D. The urine samples were 
pooled urine collected during the 56 hours following the initiation of DiO admin- 
istration. 
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'• Stetten and Boxer (3). 


interpolated values for 56 hours from our normal data (1). The conceatia 
tions of deuterium expected in normal rats on this diet after 56 hours vou 
be about 22 per cent in the liver fatty acids, 23 per cent in the liver gb 
and 9 per cent in the carcass glycogen . The corresponding values oh ton 
in the phlorhizinized rat (Table III) were 17, 16, and 9 per cent respectn e y 
That fatty acid symthesis may have been somewhat impaired is sugg ^ 
by the fact that the calculated quantity of freshly synthesized fat y nc' 
deposited, 

2_X 17.0 X 0.193 2 X 7.2X 16.4 ^ 2.43 gm. 

100 100 

in 56 hours, or about 1 gm. per day, is less than the corresponding ' 
the normal animal. The decrease, however, is ^ 

with the decrease in fatty acid synthesis seen in the alloxan a 
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The urinary glucose of the phlorhizinized rat was also found to contain 
deuterium. In view of the previously reported findings with galactose 
(4), we feel reasonably confident in assigning the deuterium in the urinary 
glucose to in vivo sjmthetic reactions, and on this basis it may be calculated 
that about 35 per cent of the glucose present in this urine sample was S 3 m- 
thesized by the rat. The alloxan-diabetic rat on the same diet synthesized 
about 25 per cent of its urinarj' glucose (Table IV). 

These figures are taken to mean that both rats synthesized from 25 to 
35 per cent as much glucose each day as they derived from their diet. The 
dietary and the synthetic glucose were mixed and a portion of the mixture 
appeared in the urine. As these rats consumed daily 12 to 15 gm. of dietary 
glucose, a synthesis of 3 to 5 gm. of glucose daily must be postulated. This 
synthesis we beheve to be essentially normal gluconeogenesis. Excessive 
gluconeogenesis, “overproduction,” cannot be invoked to account for the 
glucosuria of alloxan diabetes unless one is ivilling to assume a similar 
^ oveiproduction” in the phlorhizinized rat. For such an assumption there 
is, we believe, no foundation. 

Lipogenesis in Hypoinsulinism — The apparent failure of the alloxan- 
diabetic rat to deposit newly synthesized fatty acids in the fats of its body 
IS reminiscent of our experience with the thiamine-deficient rat (9). Here 
also it could be shown by the deuterium technique that the abihty to 
synthesize fatty acids from the ingredients of a high carbohydrate diet is 
largely lost, and this finding fits nicely into the concept of the thiamine- 
sparing action of fat and the well substantiated improvement in condition 
of thiamine-deficient animals following the isocaloric substitution of fat for 

carbohydrate (10). 

The recent observation of Bum, Lewis, and Kelsey (11) that alloxan- 
diabetic rats fared better on high fat than on low fat diets suggests that fat 
exerts a sparing action upon insulin, much as it does upon thiamine. This 
msulin-sparing action is of course subject to the limitation of ketosis, but to 
this complication rats appear to be unusually resistant. It is noteworthy , 
however, that both in thiamine deficiency and in hypoinsulinism increase 
of the fat content of the diet at the expense of carbohydrate is followed by 
improvement and, from our evidence, both thiamine and msulin appear 
to be essential for the optimal synthesis of fatty acids by rats on a high 

carbohydrate diet. 


experimental 

Three experiments have been carried out on fasted rats, a group of six 
rats being employed in each experiment. The time schedule o pnor expen 
ments (2) was strictly adhered to. Adult female rats of the Sherman 
strain, previously maintained on stock diet and weighing on e a^erage 
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200 gm., -were deprived of all food for 24 hours, water being allowed ad 
libitum. Each rat was then given a subcutaneous injection of 99.5 per cent 
DjO containing 0.9 per cent of NaCl, 1 ce. per 100 gm. of body weight. 
1 hour thereafter each rat of the first group ivas given 0.1 cc. of an adrenalin 
solution, 1 ; 5000, per 100 gm. of body w'eight. Each rat of the second group 
W’as given 250 mg. of glucose in 1.25 cc. of water by stomach tube imme- 
diately followed by the subcutaneous injection of 10 units of insulin per 100 
gm. of body weight. To each rat of the third group, 400 mg. of dl-lactio 
acid, half neutralized wth NaOH and dissolved in 1.25 cc., were fed by 
stomach tube, followed by the injection of 4 units of insulin per 100 gm. 
of body weight. 4 hours after the administration of PjO, 3 hours after the 
treatment and tube feedings, the rats were killed by a blow on the bead. 


the livers removed, the carcasses eviscerated, and the livers and carcasses 
worked up for glycogen and fatty acids as previously described (2). 

Each of three male adult rats was given a single subcutaneous injection 


of allo.van monohydrate, 20 mg. per 100 gm. of body weight. The diet was 
the 60 per cent corn-starch diet that had previously been employed with 
alloxan-diabetic rats (3), and, as in the earlier experiment, the drinking 
water was replaced by 5 per cent glucose solution for the first 24 hours after 
administration of alloxan. Two of the rats died in 2 days, apparently not 
in severe ketosis. The surviving animal lost about 10 per cent of his initial 
body weight in 2 days but thereafter the weight remained constant at 
347 ± 7 gm. Food and water were allowed ad libitum, and 3 to 7 gm- “ 
glucose were found daily in a urine volume of 100 to 150 cc. A faint test 
for acetone was present on the 2nd day, but thereafter no ketonuria was 


detected. 

On the 6th day the diet was changed to one comprising 60 parts of dl- 
alanine, 22 parts of casein (Labco, vitamin-free), and 6 parts each of yeast 
powder, salt mixture (12), and roughage (Celluration). An immeto® 
decrease in the glucosuria was noted. The following day 99.5 per cent Dj 
was injected, 1 cc. per 100 gm. of body weight, and the drinking water 
replaced by 2.0 per cent DjO, 56 hours later the rat was killed and £ a 
tissues analyzed as before. The total urine volume during this 56 hour 
interval was 155 cc. and contained only 0.3 gm. of glucose. This was 


isolated as the osazone for deuterium analysis. 

One adult male rat, maintained on a 60 per cent com-statch die ( ^ 
was given phlorhizin by the daily injection of 0.01 gm. of phlor zio > 
sesame oil per 100 gm. of body weight. The daily urine volume 
7 cc. and contained 0.7 to 1 .7 gm. of glucose. After 
weight had been attained, D 2 O was injected and administered in e 
ing water over a period of 56 hours, as in the previous 
the one difference that the drinking water supplied contained • P® 
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of D 2 O. The urine collected over this period contained 3.3 gm. of glucose, 
which was isolated as the pentaacetate (3). The remainder of the pro- 
cedure was precisely as in the previous experiment. 

The evidence accumulated thus far for the non-exchangeable nature of the 
carbon-bound hydrogen atoms of carbohydrate under a variety of condi- 
tions has been summarized in an earlier paper (4) . We now have additional 
evidence indicating the stability of these carbon to hydrogen bonds in acid 
solution. A sample of glycogen containing 0.320 atom per eent deuterium 
was obtained from the liver of a rabbit which had received D 2 O. A portion 
of this material was heated to 100° for 1 hour in n H 2 SO 1 , and, after removal 
of the acid, glucose was isolated from the hydrolysis mixture as the penta- 
acetate. This product contained 0.168 atom per cent D. 

Assuming the deuterium initially present to have been distributed in the 
66 per cent of stable positions, the actual concentration in these positions 
may be estimated as 0.320 X 100/66 = 0.49 atom per cent. The deuterium 
concentration in the 7 stable positions of the glucose may be computed from 
the analysis of the pentaacetate, 0.168 X 22/7 = 0.53 atom per cent. From 
this it may be concluded that none of the deuterium present in the glycogen 
sample isolated was lost by exchange during the treatment with hot acid. 

SUMMABT 

The formation of glycogen in the previously fasted rat in response to 
adrenalin and to insulin has been studied by the isotope technique. The 
data secured support the hypothesis that the glycogen appearing in the 
liver of a fasted rat after injection of adrenalin is formed from blood lactate. 
The glycogen appearing in the muscle of rats after administration of insulin 
is apparently formed largely from hexose directly. 

The failure of lipogenesis in the alloxan-diabetic rat has been eon&rmed. 
The sjmthesis of fatty acids has been shown to be markedly impaired, 
whether glucose or alanine constitutes the bulk of the diet. No comparable 
impairment in lipogenesis was found to occur in the phlorhizinized rat. 

The quantity of glucose synthesized in vivo in the alloxan-diabetic rat 
is no greater than the corresponding quantity in the phlorhizinized rat. 
The actual quantity in an adult male rat has been estimated to he in the 
neighborhood of 3 to 5 gm. per day. 
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THE OCCURRENCE OF DICHOLESTERYL ETHER IN 
THE SPINAL CORD OF THE OX (BOS TAURUS) 

Br HENRYK SILBERMAN* and SOFIA SILBERMAN-MARTYNCEWA 
(Received for publication, May 14, 1945) 

Dicholesteryl ether was prepared for the first time from cholesterol by 
dehydration with anhydrous copper sulfate by Mauthner and Suida (1) in 
1896. Bills and McDonald (2) (see also for a comprehensive survey of 
previous literature) prepared dicholesteryl ether by heating cholesterol 
vith different catalysts and they also recorded its chemical and physical 
constants in detail. 

A search of the literature reveals that there is no record of the separation 
of dicholesteryl ether from natural sources. 

In the preparation of cholesterol from animal brains it was noticed that 
when spinal cord was substituted for brain as the starting material, the 
cholesterol recovered could not be purified by repeated crystallizations from 
boiling alcohol, as could easilj' be accomplished in the case of the cholesterol 
recovered from brain. Even after eight to ten crystallizations there re- 
mained in the cholesterol an impurity which caused a sintering of the mate- 
rial at a temperature of about 137-140°, and after the material was melted 
the liquid remained turbid even at 160-170°. A thorough investigation of 
the cholesterol prepared from spinal cord revealed that the impurity con- 
sisted of dicholesteiyl ether which was identified by analysis and its physical 
constants. 

The spinal cord of young cattle was dried on flat trays for 8 to 12 hours at 
65-75° under reduced pressure of 30 to 40 mm. of Hg. The completely 
dried material was extracted continuously for 12 hours with hot alcohol. 
The solvent was removed by evaporation under reduced pressure. The 
residue was repeatedly extracted with warm acetone. After removal of the 
solvent the remaining cholesterol was recr}’’stallized tvice from boiling 
alcohol. To separate the dicholesteryl ether from the bulk of cholesterol 
the white crystalline material was repeatedly treated with hot acetone. 
The residue, a white microcrj'stalline powder, was further purified by ex- 
traction with ether to remove the last traces of cholesterol, and then 
crystallized by dissolving in hot benzene, treating with charcoal, filtering, 
and precipitating by adding absolute alcohol. The separated white crj'stal- 
line powder was filtered off after cooling and washed with cold alcohol. A 
further crop of the material was recovered by evaporating the benzene- 

* Ennington, New South Wales, Sydney, Australia. 

603 



604 


DICHOIjESTERYL ether in spinal cord 


alcohol solvent mixture, and replacing the evaporated benzene by alcohol. 
The substance was dried over PaOe in vacuo at 70-75°. It melts (after 
sintering at 190-200°) at 205-209°. It is soluble in boiling benzene, tolu- 
ene, and alcohol, slightly soluble in cold benzene or toluene, and very 
slightly soluble in cold alcohol, warm ether, and acetone. 

18.3 mg. of the substance (dried over PjOs at 70° and 12 mm. of Hg) 
gave 57.6 mg. of CO 2 and 20.6 mg. of HjO. 

ChHsoO. Calculated, C 85.93, H 11.93; found, C 85.81, H 12.5 

For further identification the tetrabromide (3) was prepared by dissolving 
1 gm. of the dicholesteiyl ether in 60 cc. of dry CHCI3, and addmg 0.45 
gm. of bromine dissolved in 5 cc. of the same solvent. After st^inding for 
6 hours, the clear cheriy-red solution was evaporated at ordinary tempera- 
ture under a vacuum to remove the solvent and the excess bromine. The 
residue, a yellow resin, was dissolved in 4 to 5 cc. of CHCI3 and precipitated 
by adding methanol. The white flocculent precipitate was filtered after 
standing 24 hours and washed with methanol. The material when heated 
in a capillary tube (after drying in vacuo) turns yellow-broivn at 110- 
130° and melts with decomposition at 166-168° (Levin, m.p. 104-166°, 
with decomposition). 


SUMMAKY 

The quantity of the dicholesteryl ether isolated from the spinal cord 
amounts to about 1.5 to 2 per cent of the weight of the diy starting material. 
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THE DIETARY PRODUCTION OF FATTY LIVERS RESISTANT 
TO THE ACTION OF CHOLINE 

By M. L. MacFARLAXD and E. W. McHENRY 
(E TOm the School of Hygiene, University of Toronto, Toronto, Canada) 

(Received for publication, May 14, 1945) 

In 1940 it was reported from this laboratory (1) that the administration 
to rats of a beef liver fraction, in conjunction with several B vitamins, 
caused the production of fatty livers, high in cholesterol, resistant to the 
lipotropic action of choline, but preventable by lipocaic. Inositol was 
found to be lipotropic for the fatty liver thus produced (2). Subsequently 
it was stated (3) that the liver fraction could be replaced by biotin; at that 
time, however, practically all of the investigation was carried out with a 
relatively crude solution of biotin, pure biotin being available for one group 
of rats only. Pure biotin produced fatty livers containing large amounts 
of cholesterol and they appeared to resemble the ones caused by the beef 
liver fraction or by impure solutions of biotin. Consequently, this kind of 
fatty liver (resistant to choline) has been referred to as the “biotin” type. 
Recently we have had an opportynity to investigate more thoroughly the 
production of this kind of fatty liver. It would appear that pure biotin 
produces a fatty liver only partially resistant to choline and that the beef 
liver fraction contains a substance, other than biotin, which causes a more 
complete resistance to choline. 


Methods 

Rats were employed as test animals. The strain, age, and care were the 
same as previously described (4). To deplete the rats of their stores of B 
vitamins and of fat, they were maintained for 3 weeks on a fat-free, B vita- 
min-free basal diet (4). At the end of this period body weight and bodj' 
fat had diminished markedly. During the following week various combina- 
tions of supplements were supplied to different groups. Thi amin e, ribo- 
flavin, pyridoxine, calcium pantothenate, and biotin were given by sub- 
cutaneous injection. Supplements other than these were mixed with the 
food. The amounts of various supplements supplied per rat per day were as 
follows: thiamine hydrochloride (Merck) 25 y, ribofla\in (Merck) 25 y, 
pyridoxine hydrochloride (Merck) 40 y, calcium pantothenate (Merck) 
100 y, choline hydrochloride (Merck) 10 or 20 mg. as indicated, biotin 
(S. M. A.) 5 y, inositol (S. M. A.) 10 or 20 mg. as indicated, and beef liver 
fraction (Connaught Laboratories) 2 cc. The liver fraction was similar to 
that used previously (5). 
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The rats were anesthetized Rdth nembutal, the livers removed, and the 
total crude fatty acids in the livers and bodies were determined by methods 
previously published (4, 6). The total cholesterol content of the livers and 
bodies was measured by means of the procedure of Schoenheimer and Sperry 
(7) and the iodine numbers of the crude fatty acids were determined by the 
method of Yasuda (8). All reported results are averages for groups of ten 
rats. 


Results 

The effects of a beef liver fraction in causing fatty livers in rats have been 
repeatedly confirmed in this laboratory. For the present purpose it was 
advisable to demonstrate the effect again under conditions comparable to 
those in which biotin was used. The experiment with biotin was repeated 
twice and entirely similar results were secured on each occasion; for brevity 
only one set of results is given. Table I shows the data secured by the use 
of beef liver fraction and with biotin. 

DISCUSSION 

As in a number of similar experiments, the administration of the beef 
liver fraction, in conjunction ivith several B vitamins, caused the production 
of acutely fatty livers in rats maintained on a high carbohydrate, fat-free 
ration. There was evidence of synthesis of large amounts of fat and of 
considerable cholesterol. Choline, at the dosage levels used, caused negligi- 
ble changes in the concentration and in the absolute amounts of fat and of 
cholesterol in the liver. Given in the same amounts as used for choline, 
inositol produced marked reductions in liver fat and cholesterol. The 
effect of a combination of choline and inositol is similar to that produced 
by the same amount of inositol alone. It is ob\dous that inositol is effective 
in preventing the fatty liver caused by the beef liver fraction, while choline 
is not. 

In the case of three similar experiments, one of which has been reported 
above, biotin has produced acutely fatty livers, but the cholesterol is less 
than when liver fraction was supplied. Both choline and inositol are 
partially effective as lipotropic agents for the fatty livers produced nith 
biotin and a combination of the two is much more effective than 
like amounts of the two substances given separately. As judged by the 
action of these lipotropic agents, the fatty liver caused by biotin is definitely 
different from that obtained with the beef liver fraction. The term “biotin 
fatty liver” should be restricted and is not applicable, as we had assumed 
previously (9), to fatty livers caused by the beef liver fraction. 

In an earlier paper (2) attention was draivn to the action of inositol in 
causing a marked decrease in liver cholesterol. Such is the case when li\ er 
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fraction is supplied but in the biotin experiments both choline and inositol 
exerted an effect upon the cholesterol content of the liver. Reference 
has been made (1) to the syntheas of cholesterol ivhich occurs in experi- 
ments such as the present one. It is not clear whether a particular con- 
stituent of the diet promotes the synthesis of cholesterol or whether cho- 
lesterol is formed as an accompaniment to fat synthesis. It is also doubtful 
whether a particular lipotropic agent causes the removal of cholesterol from 
the liver or whether the amount of cholesterol is reduced because it is re- 
moved ■ndth fatty acids. In the biotin experiment the second alternative 
seems plausible. Beveridge and Lucas (10) reported that, under the condi- 
tions used by them, choline produced greater decreases in liver cholesterol 
than did inositol. It would appear that liver cholesterol is reduced when 
the total amount of fat is diminished and that a lipotropic agent is effective 
for cholesterol when it definitely reduces the amount of fatty acids in the 
liver. 

An explanation for the difference in the actions of the two lipotropic 


factors cannot be supplied at present. Some of the conditions which 
alter the response were indicated in a report from this laboratory in 1943 
(11). Choline was found to be effective for “thiamine fatty livers,’’ while 
inositol was not; inositol was active for “biotin fatty livers” (a term then 
incorrectly used) .while choline w'as inactive. It would appear that inositol 
becomes effective when several B vitamins are supplied. Recently 
Beveridge and Lucas have reported (10) that the inclusion of com oil in 
the diet prevents inositol from exerting a lipotropic effect. It w'as suggested 
in a review from this laboratory (12) that choline will combine with certain 
fatty acids, while inositol selects quite different ones. It should be noted 
that the iodine number of the crude fatty acids in the liv'er is somewhat 
greater w’hen liver fraction is given than when biotin is supplied. "When 
inositol is fully active (as in Rat Group 230), the iodine number of the 


liver fatty acids is definitely increased. This can hardly be taken to mean 
that inositol has combined with saturated fatty acids and caused^ their 
removal from the liver, since there appears to be an increase in the iodine 
number of liver fatty acids whenever a lipotropic agent has been actne 
and has produced a turnover of fatty acids. A comparison of the fatty 
acids present in the livers of rats with and without a supply of beef liver 
fraction (13) showed that the liver fraction causes a decrease in the concen 
tration of saturated fatty acids and an increase in unsaturated ones, particu 
larly of oleic acid. A similar study has not yet been made on the lb ers o 


rats given biotin. , . , ^ 

The constituent of the liver fraction which causes the alteration 
response to the lipotropic factors is unknoivn at present. 'The liver ra 
is known to contain most of the B vitamins as well as folic acid an o 
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substances. On the basis of previous work (11) many of these can be 
eliminated as causative agents (thiamine, riboflavin, pyridoxine, panto- 
thenic acid). It should be pointed out that the liver fraction contains no 
cholesterol. Attempts to identify the active constituent are in progress. 

SUMMARY 

The administration of a beef liver fraction to rats maintained on a high 
carbohydrate, fat-free diet causes the production of fatty livers resistant to 
choline, but the liver fat can be reduced to low levels by supplying inositol. 
The use of biotin in place of the liver fraction causes fatty livers which are 
partially responsive to either lipotropic agent and completely prevented by 
a conjoint supply of choline and inositol. 

This investigation was made possible by grants from the Division of 
Natural Sciences of the Rockefeller Foundation and from the Connaught 
Laboratories, University of Toronto. 
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TRYPTOPHANE UTILIZATION AND SYNTHESIS BY STRAINS OF 
LACTOBACILLUS ARABINOSUS 

By LEMXJEL D. 'WRIGHT and HELEN R. SKEGGS 

(From the Nvlritional Lahoralories, Department of Pharmacology, Medical-Research 
Division, Sharp and Dohme, Inc., Glenolden) 

(Received for publication, April 9, 1945) 

The amino acid requirements of Lactobacillus arabinosus 17-5 have been 
the subject of several recent studies (1). Although tryptophane is usually 
considered an essential amino acid for the growth of this organism, Snell 
has shown (2) that Lactobacillus arabinosus may utilize indole or anthranilic 
acid in lieu of tryptophane. These observations are in accord with the 
■view that the synthesis of tryptophane in nature proceeds through 
anthranilic acid and indole as intermediates (2, 3). 

We have been able to produce strains of Lactobacillus arabinosus that no 
longer require tryptophane and are capable of seemingly indefinite growth 
on transfer in a completely synthetic medium entirely lacking in trypto- 
phane or its kuo'wn precursors. Although capable of excellent growth in 
such a medium, the altered strains do, however, respond to tryptophane and 
its intermediates in a unique marmer. These observations are reported 
because of their relationship to the microbiological assay of amino acids 
and to bacterial metabolism in general. 

EXPERIMENTAL 

The compositions of the media employed are given in Table I. In 
certain lots of casein hydrolysate, the tryptophane was not completely 
destroyed by acid hydrolysis. Hie addition of formaldehyde (1 ml. of 
formalin to 60 gm. of casein) to the hydrolyzing mixture resulted in a 
product entirely free from tryptophane, as evidenced by microbiological 
assay with the parent strain of Lactobacillus arabinosus. 

The techniques employed throughout this study were those commonly 
used in microbiological assays with lactic acid bacteria (5). 

The altered strains of Lactobacillus arabinosus were produced by trans- 
ferring the parent organism daily in Medium a to which 2 y of tryptophane 
per 10 ml. had been added. This medium is seriously deficient in trypto- 
phane and consequently at first permitted only poor growth. After transfer 
in such a deficient medium for about a week, strains were developed that 
were capable of growing weU in the presence of the low level of tryptophane. 
Growth then readily resulted upon transfer to Medium a containing no 
added tryptophane. The altered strains were maintained by frequent 
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transfer in Medium a or b. Medium b, consisting only of purified amino 
acids as a source of nitrogen, was equally effective in promoting growth 
of the altered strains and thus excluded the possibility that gro^vth in 
unsupplemented Medium a was due to a utilization by the altered strains 
of possible breakdown products of tryptophane produced dunng acid 
hydrolysis of the casein. Medium a was consequently used in the subse- 


Tabi,e I 

Compostlion of Media Employed * 


Component 



Acid-hydrolyzed casein (4), gm 

10 


1 Cystine, mg 

200 

400 

Glucose, gm 

40 

20 

Sodium acetate, 3HjO, gm 

20 

12 

Adenine, mg 

10 

100 

Guanine, mg. 

10 

100 

Xanthine, mg 

10 

100 

Uracil, mg 

10 

100 

dl-Alanine, 1 arginine, df-aspartic acid, 1 glutamic acid, gly- 
cine, dl histidine, f-hydro\yproline, dl isoleucine, f-leucine, 
Mysine, dl methionine, dl phenylalanine, f-proline, dl- 
senne, dl threonine, Z-tyrosine, dZ-valine, mg of each 


400 

Thiamine chloride, mg 


2 

Eiboflavin, mg 


2 

Calcium pantothenate, mg 


2 

Nicotinic acid, mg 


2 

Pyndoxine hydrochloride, mg 


4 

p-Aminobenzoic acid, mg 


I 

Biotin, y 

10 

10 

Salts A (5), ml 

10 

10 

Salts B (5), ml 

10 

10 

pH 6 6-6 8 


- 


* The quantities given are those employed in preparing 1 liter of double strength 
medium The figures in parentheses are bibliographical references 


quent expenments wdth the altered strains because of its greater 
convenience. 

Bacterial groivth has been expressed quantitatively as turbidity reatogs 
obtained with the Klett-Summerson photoelectric colonmeter, 540 y filter, 
after 24 hours of growth, or as ml. of 0 1 N acid produced in each 10 e 
culture after 72 hours of groivth. r 

The responses to indole and anthramlic acid are expressed in 
tryptophane Consequently the curves in each figure are compara 
with each other on a molar basis . j. 

Fig. 1 illustrates a tiqucal response of the unaltered Lactobact us a 





TURBIDITY 



inosus to increasing amounts of tryptophane, indole, or anthranilic acid 
after approximately 24 hours of growth. 

Kg. 2 is representative of the growth response of the altered strains of 
Laclobacillus araUnosus to increasing amounts of tryptophane, indole, or 
anthranilic acid after 24 hours of growth. 



Fig. 1 5^0- 2 

Fig. 1. Response of the parent strain of Laclobacillus arabirtosus to (Curve 1) 
tryptophane, (Curve 2) indole, and (Curve 3) anthranilic acid after 24 hours of grow th. 
Medium o was used. 

Fig. 2. Response of an altered strain of Laclobacillus arabinosus to (Curve I) 
tryptophane, (Curve 2) indole, and (Curve3) anthranilic acid after 24 hours of growth. 
Medium a was used. 

In Kg. 3 is given the response of the parent strain and an altered strain 
of Lactobacillus arabinosus to tiyptophane, indole, or anthramlic acid after 
approximately 72 hours of growth. In this experiment the test was pre- 
pared in duplicate. One series was seeded with the parent strain while 
the second series was seeded with an inoculum of approximately equal 
density of an altered strain. 

DISCUSSION 

The ability of the altered strains of Laclobacillus arabinosus to grow 
wthout tryptophane in the medium probably is due to an increased sjm- 
thetic ability of these strains rather than to anj' decreased deman or 
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ti^’ptophane. If this is the case, the growih that occurs when the altered 
strains are grown in the presence of ti^'ptophane, or known precursors, 
is the summation of (1) that resulting when tryptophane or other knovm 
intermediates are utilized to supph" the requirement for tryptophane and 
(2) that resulting from the sjmthesis of tryptophane from unknown pre- 
cursors. ProAided the inocula with the two organisms are equal, any in- 
crease in growth of the altered strains oi'er that obtained on the 




Fig. 3 Fm. 4 

Fig. 3. Response of the parent strain and an altered strain of Laclobacilhs ora 
binosus to (Curve 1) tryptophane, (Curve 2) indole, and (Curve 3) anthranilic aci 
after 72 hours of growth. Medium o was used. 

Fig. 4. -ALmount of growth resulting from the bacterial synthesis of tiyptop so 
after 72 hours of growth as a function of added tiyptophane; (Curve 1) calcu a e 
curve, (Curve 2) curve for i/ = o/x. 

same medium with the parent strain may be taken as a measure of ^ 
amount of growth pennitted by the tiyyitophane sjmthesis of the a te 
organism. Such a subtraction has been made from the tryptophane a 
of Fig. 3 and plotted against the amount of added tryptophane as 
abscissa (Fig. 4). Within the range of about 2 to 20 y per 
tiyptopliane the cuiwe appiu-xiniates that of y = a/x. Ob'iousy i 
de%iate from such a cuitc at low’ values of x, since bacterial S'-®'', 
arrested bj' products of metabolism and by the depletion o nu n 
Ultimately the amount of tiyptophane sjmthesized in the pre.en 
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added tryptophane is inversely proportional to that present in the medium. 
In effect, then, the addition of tryptophane to the medium in which the 
altered strain is gro\vn results in the organism depending more on the added 
tryptophane than on its ability to S3rnthesize it. 

Indole and anthranilic acid show less effect in influencing growth. In 
some experiments the rate of gro^vth actually was greater in the presence of 
certain concentrations of indole or anthranilic acid than in the presence of 
an equivalent amount of tryptophane (see Fig. 2). 

The 24 hour growth data with the altered strain (Fig. 2) have shown a 
maximum at 2 to 4 y of added tryptophane per tube. Apparently a certain 
concentration of tryptophane permits an initial population of organisms 
to be built up, which, for the first 24 hours, outgrow those whose growth 
is retarded either by the absence of tiyptophane or by the increased 
tendency of the organism to utilize added tr 3 rptophane rather than to 
S3nthesize it. 

The behavior of the altered strains of Lactobacillus ardbinosus in response 
to tiyptophane may be due to an effect whereby the presence of tryptophane 
inhibits its synthesis by mass action. Possibly the synthesis of trypto- 
phane is due to the existence of adaptive enzymes that are produced only 
in direct proportion to the immediate tryptophane demand. 

Additional experiments have shown that the altered strains of Lacto- 
bacillus arahinosus in the absence of tryptophane are indistinguishable 
from the parent strain in their requirement for leucine, isoleucine, valine, 
cystine, glutamic acid, and pantothenic acid. It would appear, therefore, 
that the ability to synthesize tiyptophane by the altered strains of Lacto- 
bacillus arahinosus is not accompanied by an increased capacity to 
synthesize other amino acids essential for the parent organism. The 
requirement for methionine is more pronounced, however, with the altered 
strains than Avith the parent strain. 

In the use of Lactobacillus arahinosus, or other organisms, in microbiologi- 
cal assays, the possibility should not be overlooked that the nutritive re- 
quirements of the organism may be influenced materiallj’’ by methods of 
handling. The requirement of Lactobacillus arahinosus for p-amino- 
benzoic acid appears quite variable (6) and the present studies have 
demonstrated the ease nith which the requirement for a single amino acid 
may be modified. 


SUMMAKY 

1. Strains of Lactobacillus arahinosus that do not require trj'ptophane, 
indole, or anthranilic acid in the medium readilj’^ can be developed. 

2. The response of these strains to tiyptophane indicates that, when 
supplied with tiyptophane, the oiganism produces toqjtophane in an 
amount inversely proportional to that added. 
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THE VERATRINE ALKALOIDS 

XXIII. THE RING SYSTEM OF RUBIJERVINE AND ISORUBIJERVINE 
Bt WALTER A. JACOBS and LYMAN C. CRAIG 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 

(Received for publication, April 30, 1945) 

In a previous communication (1), it has been shown that rubijervine 
parallels the behavior of solanidine in certain reactions which are best 
explained on the assumption that Ring B is 6-membered, as in the sterols. 
The possibility of a 5-membered ring in other alkaloids of the veratrine 
group was suggested in earlier communications (2) to afford a basis for 
possible interpretations which had been given to certain dehydrogenation 
and oxidation products of these alkaloids, and to explain the failure to 
obtain methylcyclopentenophenanthrene or other phenanthrene derivatives 
from any one of them. It remained, therefore, of importance to study fur- 
ther the remaining alkaloids of the group, or at least such significant 
individual alkaloids as would be representative of the different categories. 
In connection with the rubijervine category, we ivish to report our further 
experience ivith isorubijervine, and also additional data obtained with 
rubijervine itself. 

Our investigation of the isorubijervine isolated from commercial samples 
of Veralrum album and Veratrum viride has shown the identity of the 
alkaloids from both sources. As pre\'iously reported, isorubijervine yields 
a digitonide. The alkaloid recovered from the digitonide has proved to be 
indistinguishable from the alkaloid before precipitation wth digitonin; 
Wd" = -{-8.5° in absolute ethanol. As in the case of rubijendne, isorubi- 
jervine yielded with copper powder a ketone, isorubijervone, which was 
found to be isomeric with rubijervone. It was characterized by its oxime. 
The same substance was obtained by the Oppenauer method ■nith aluminum 
tertiary butylate (3). On reduction with aluminum isopropylate, the 
ketone was readily transformed to the hydroxyl derivative which was 
presumably a mixture of epimers. From this mixture, on treatment with 
digitonin, a digitonide was obtained from which alloisorubijervine was 
separated; [a]” = -1-63° in chloroform solution. This substance gave 
with trichloroacetic acid a gradually developing, deep purple color. The 
same color, and of s imil ar intensity, was obtained from the mixture before 
separation with digitonin. 

Isorubijervine thus paralleled the behavior of rubijendne in jdelding an 
isomer which gives the Rosenheim color reaction, and which can be ex- 
plained on the same basis as the conversion of cholesterol to allocliolesterol; 
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i.e., by the shift of the double bond from the original 5,6 position to the 
4,5 position during the formation of the intermediate isorubijervone. 
This interpretation would indicate, therefore, that isorubijervine does not 
cany an angular methyl group on carbon atom 5, and implies that its 
Ring B is 6-membered. 

That the non-nitrogenous portion of isorubijervine possesses the normal 
sterol ring system is given further support by its behavior on dehydrogena- 
tion ivith selenium, although a high temperature reaction. However, 
contrary to the usual sterols, no evidence of the production of methylcyclo- 
pentenophenanthrene could be obtained. Instead, a hydrocarbon CitHh 
was isolated as a principal product. In its melting point of 135-136° and 
other properties, it closely agreed with what has been recorded for 1,2- 
cyclopentenophenanthrene (4). This identity was supported by the study 
of its picrate, which melted at 134-135“, and of its trinitrobenzene de- 
rivative, which melted at 165-166°. 

Although 1 ,2-cyclopentenophenanthrene' was considered in the early 
discussions concerning the exact identity of Diels’ hydrocarbon, it was 
eventually established beyond question that the latter must be S'-methyl- 
1,2-cyclopentenophenanthrene. The actual formation of cyclopenteno- 
phenanthrene as a dehydrogenation product from any natural substance has 
not been recorded, as far as we have been able to find . Its production is of 
special interest in the case of isorubijervine, since its formation would indi- 
cate some structural feature of the alkaloid which interferes with the normal 
shift of the angular methyl on carbon atom 13, to replace Ae side chain on 
carbon atom 17 during dehydrogenation. Either the stereochemical con- 
figurations are such as to block this shift, or the second hydroxyl group o 
the alkaloid is situated on or in the vicinity of the angular methyl group 
or carbon atom 17. The attempt will now be made to check such possi 
bilities in other ways. At any rate, the formation of cyclopentenophenan 
threne can be regarded as evidence for the presence of this ring structure in 
isorubijervine which is just as good as the production of Diels’ hydrocar 
in the case of the other sterol derivatives. 

A further study of rubijervine has since shown that the rubijen 
previously described can be obtained also by the Oppenauer reaction wi^^ 
acetone and aluminum tertiary butylate. A repetition of the reduc iot ^ 
the ketone with aluminum isopropylate with a larger amount o ma 
has led to the separation of allorubijernne and epialktruhijemw 
mixture. It has now been found that the previously described ^ 
appears to be epiallorubijervine, since it does not give a spawg y 
digitonide. Its rotation is [ajo® = +63“ in absolute alcoho . 
most soluble fraction of the reaction mixture, a digitonide was o 

* A review-of this subject is very well given by L. F. Fieser (5). 
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I 

and from this a more soluble isomer was isolated which can be interpreted 
as allorubijervine; [ajo = +40° in absolute alcohol. Both isomers 
gradually developed pronounced purple colors wth trichloroacetic acid. 

The trivial names provisionally adopted for the various substances in 
which the prefix, alio, has been used, were suggested by the analogy to 
oHocholesterol. This is a matter of convenience, although perhaps some- 
what confusing in view of the conventional use of alio to distinguish the 
allocholanic from the cholanic series, due to the configuration on carbon 
atom 5. When the structural and configurational correlation of the vera- 
trine bases to one another and to solanidine and the sterols has once been 
completed, it wll be possible to assign more rational names based on 
those adopted for the parent unsubstituted saturated hexacyclic tertiary 
and pentacyclic secondaiy bases. 

EXPERIMENTAL 

Isoruhijervine and Digiionin — 0.16 gm. of isorubijervine from Veratrum 
viride was dissolved in 24 cc. of 95 per cent alcohol and treated with 48 cc. 
of warm 1 per cent digitonin solution. The digitonide soon began to 
crystallize and after 22 hours was collected wth 95 per cent alcohol. 
0.515 gra. was obtained; calculated, 0.64 gm. The substance was dissolved 
in 10 cc. of pyridine and precipitated with several volumes of ether. The 
precipitate was collected udth a good volume of ether. The ether solution 
was repeatedly extracted with water to remove pyridine and, after drying, 
was concentrated. All ether was finally replaced ivith 95 per cent alcohol 
and on careful dilution and heating the alkaloid separated as needles. 
87 mg. were obtained. The substance as previously recorded tended to 
separate at first as needles which contained solvent and melted at 218° or 
as anhydrous small prisms which melted at 241-244°. 

1“1d = +8.5° (c = 0.94 in absolute ethanol) 

C„H„0,N. Calculated, C 78.38, H 10.49; found, C 78.61, H 10.30 

0.11 gm. of isorubijervine from Veratrum album gave relatively the 
same yield of digitonide, 0.35 gm. The isorubijervine recovered from the 
latter was indistinguishable in properties from the above alkaloid. 

[a]” = +9.4° (c = 1.01 in absolute ethanol) 

Found, C 78.42, H 10.40 

Isorvbijervone — A mixture of 1 gm. of isorubijervine (from Veratrum 
viride) with 5 gm. of copper powder was graduallj' heated at ordinary 
pressure in a sublimation apparatus after removal of air with CO*. The 
heating occurred gradually from 100-200° during the first 15 minutes for 
removal of solvent and then from 200-290° for an additional 15 minutes. 
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After cooling, the apparatus u'as exhausted to about 0.1 mm. and tlie 
temperature vras gradually raised in the course of an hour to 290°, during 
vrhich a red-colored sublimate was collected. After removal from the 
condenser with chloroform and concentration, 0.9 gm. of residue was 
obtained which crystallized readily from alcohol as lustrous masses of 
4-sided almost rectangular leaflets. 0.5 gm. was obtained in the first 
crop. The substance did not exhibit a sharp melting point. After re- 
ciystallization from alcohol follonring preliminary sintering and softemng, 
it melted above 250°, but crystals persisted to 255°. 

[«]d = -bill" (c = 1.07 in pyridine) 

CjtHuOiN. Calculated, C 78.77, H 10.05; found, C 78.60, H 9.72 

Isorubijervine from Verairum album yielded a substance with identical 
properties. 

1“1d = +111° {c = 0.98 in psnidine) 

Found, C 78.60, H 9.99 

0.2 gm. of isorubijervine from Verairum viride was refluxed for 4.5 hours 
in a mixture of 3 cc. of acetone, 6 cc. of benzene, and 5 cc. of a bmcne 
solution of 0.35 gm. of aluminum tertiary butylate. The reaction mixture 
was treated with excess dilute alkali and e.xtracted with chloroform.^ The 
extract after removal of solvent yielded a crystalline residue which m 
turn gave a first fraction of 0.11 gm. of colorless leaflets from a.lcohol. 
In melting point and other properties, the substance was indistinguisha e 
from that obtained with copper. 

[alS = +109.5° (c = 0.8G in pyridine) 

Found, C 78.46, H 9.95 

The oxime was readily obtained from the keto base in dilute aqueoua 
acetic acid solution with hydroxylamine hydrochloride and sodium 
A salt of the ojdme soon separated. After liberation from the a 
with alkali and extraction with chloroform, the oxime was obtain ^ 

95 per cent alcohol as small prisms which softened to a melt wit 
effervescence at 250-254° after preliminary discoloration. 

CnHcOjNs. Calculated, C 75.99, H 9.93; found, C 75.75, H 10.00 

AUoisorubijervine — 0.25 gm. of isorubijervone was refluxed 
with aluminum isopropylate prepared from I gm. of aluminum 
worked up essentially as previously described in the case of a 
The ether extracts after concentration yielded 0.14 gm. of near 
plates or broad needles, which from the melting point w/m an o 
ture. Under the microscope it sintered above 200 an s o^ 
melting, especially above 225°, and then progressively me 
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persisted up to 242“. It gave a gradually developing deep purple color 
with trichloroacetic acid. 

C,7H(,OsN. Calculated, C 78.38, H 10.49; found, C 78.51, H 10.19 

80 mg. of the substance tvere dissolved in 12 cc. of 95 per cent alcohol 
and treated -with 33 cc. of a 1 per cent digitonin solution in 90 per cent 
alcohol. The digitonide veiy slowly separated. After 2 days the collected 
material weighed 0.116 gm. The filtrate after several days further standing 
gradually yielded an additional 80 mg. The first fraction was dissolved in 
5 cc. of diy pyridine and the digitonin was precipitated with ether. After 
filtration and washing vith ether, the filtrate was further diluted with 
ether and then repeatedly extracted ivith water. The ether solution 
yielded long stout often rhombic platelets or masses with serrated edges. 
After recrystallization from an alcohol-ether mixture, the substance 
melted at 250-251“ after preliminary sintering. 

C:,H„OsN. Calculated, C 78.38, H 10.49; found, C 78.03, H 10.46 
[“Id = -f63° (c = 0.95 in chloroform) 

This substance gave the characteristic gradually developing deep purple 
color in trichloroacetic acid. 

Rvbijervone— 0.2 gm. of dried rubijervine in 7 cc. of benzene was treated 
ivith 0.35 gm. of aluminum tertiary butylate and 3 cc. of acetone, and the 
mixture was refluxed for 6.5 hours. The reaction mixture was treated with 
dilute alkali and extracted with chloroform. The latter yielded on con- 
centration a residue which crj’stallized as needles from 95 per cent alcohol. 
The yield of the first fraction was 64 mg. 46 mg. of less pure additional 
material were obtained from the mother liquor. 

After recrystallization from alcohol, the substance softened under the 
microscope at 203° and gradually melted at 205-209“. 

[a]S = -1-100° (c = 0.93 in 95% ethanol) 

Ci;H,iOsN. Calculated, C 78.77, H 10.05; found, C 78.86, H 9.87; C 78.84, H 10.07 

This substance proved to be indistinguishable in properties from the 
substance previously obtained by the copper powder method (1). 

The melting point of the latter has since been found to be 205-208 
after prehminary softening above 202“, and gave no depression with the 
above substance. Its rotation has also been found to be 

(a]J = +98° (c = 0.94 in 95% ethanol) 

Epialloruhijervine — ^The reduction of rubijervone was repeated essen- 
tially as previously given, except tvith a larger amount of substance, 0.88 
gm. On attempting to extract the reaction product vith ether, cr 3 'stalliza- 
tion at once occurred. The ether suspension of crystals wa.s separated 
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from the alkaline aqueous phase and washed ivith water. The crystals 
which proved to be very sparingly soluble were collected with ether and 
amounted to 0.3 gm. As previously reported, it gave a deep purple color 
with trichloroacetic acid. After recrystallization from 95 per cent alcohol, 
it gradually melted under the microscope at 228-231° after preliminary 
sintering above 222°. 

[“Id = +63° (c = 1.00 in absolute ethanol) 


This substance yielded no precipitate ivith 1 per cent digitonin solution 
even after several weeks standing. 

Allorubijervine — ^The ether filtrate from the sparingly soluble epiallorubi- 
jeridne was dried over sodium sulfate and concentrated to smaller volume. 
A second fraction of 69 mg. of substance was obtained which melted at 
212-215° after preliminary softening. This was followed by a third fraction 
of 26 mg. of still less pure material which gradually softened to a melt at 
208-213° after preliminary sintering. When the mother liquor from the 
last fraction was concentrated to about 5 to 10 cc., it deposited rather gelat- 
inous material. The whole mixture was therefore dried in vacuo as such. 
In this manner a crude fraction of about 0.5 gm. was obtained. 

This crude fraction was dissolved in 50 cc. of 95 per cent alcohol and 
mixed nith a solution of 1.1 gm. of digitonin in 100 cc. of 90 per cent 
alcohol. Since after 24 hours a slight precipitate had formed, the mirfure 
was allowed to stand for 5 days during which the deposition appreciably 
increased. The collected digitonide weighed 0.35 gm. 

This material was decomposed with pyridine and ether. The ether 
after removal of pyridine left a residue on concentration which was dis- 
solved in 1 to 2 cc. of 95 per cent alcohol. On rubbing, crystallization o 
minute delicate needles occurred. On addition of more alcohol and a ew 
drops of water, this fraction somewhat increased on standing and 
collected nith 70 per cent alcohol. 26 mg. were obtained which app^ 
to be a mixture, since the melting point suggested contamination mt ^ 
above epimer. On careful further dilution the mother liquor ydrf 
larger fraction (40 mg.) of long delicate needles which ivere coUec^ w ^ 
50 per cent alcohol. After recrystallization from dilute alcoho , 
substance formed broad, flat needles which gradually lost their tran^areu 
under the microscope above 140-150° and then melted at 176-178 . 

[a]” = +40° (c = 0.97 in absolute ethanol) 


For analysis it was dried in vacuo at 110°. 

C„H„OiN-HsO. Calculated, H.O 4.17; found, 3.W ^ 

Anhydrous substance, CjiHjiOsN. Calculated, C 7S.3S, H 10. , ' 

H 10.62 
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With trichloroacetic acid it gave gradually a deep puiple color indistinguish- 
ahle from that of the above epimer. 

Dehydrogenation of Isorubijervine — mixture of 10 gm. of isorubijervine 
(from V eratrum album) and 30 gm. of selenium was heated for 2 hours in a 
bath at 340-345° after displacement of air with nitrogen. A highly colored 
distillate was collected and consisted of basic material, mostly the methyl- 
ethyl pyridine which has now been obtained from all of this group of 
alkaloids. The undistilled residue was powdered and extracted thoroughly 
with ether. This extract on concentration left a residue of 6.5 gm. which 
was redissolved in ether and extracted with 20 cc. of 10 per cent HCl. The 
latter was reserved for some future study. The ether phase was then 
extracted in turn vath dilute alkali, which yielded but an inappreciable 


Table I 

Fraclionalion of Hydrocarbon Mixture 


Fraction No. 

Bath 

temperature 

Column 

temperature 

Micro meltins 
point 

Ana 

c 

lysis 

H 


•c. 

*C. 

*C. 

per cent 

per cent 

1 

190 

140 




2 

190 

120 




3 

200 

150 


90.44 

9.69 

4 

200 

ISO 




5 

205 

160 




6 

205 

160 

100-123 



7 

210 

165 

100-123 

93.11 

6.83 

8 

215 

165 




S 

225 

170 

90-120 

93.12 

6.87 

10 

250 

ISO 




11 

255 

210 




12 

255 

230 

j 




amount of any phenolic material. The ether solution which remained 
gave on concentration 3.1 gm. of neutral material. 

This fraction was dissolved in 50 cc. of benzene and passed through a 
column of 80 gm. of active alumina. The alumina was in turn eluted with 
three 50 cc. portions of benzene which on subsequent concentration yielded 
respectively 1.4, 1.3, and 0.1 gm. of residue. These fractions were com- 
bined for fractionation in a 24 cm. Craig column at 0.2 mm. pressure. The 
course of the fractionation is recorded in Table I. Fraction 1 and 2 each 
approximated 50 mg. and from Fraction 3 the weights approximated 125- 
150 mg. The undistilled residue was about 0.5 gm. Fractions 5 to 10 
were crystalline. Fraction 10 was somewhat colored, due to contamination 
Jvith selenium. 
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110 mg. of Fraction 7, when recrystallized from ether, separated as 
rosettes of stout needles. After collection at —18°, 68 mg. of substance 
were obtained which melted at 134-136°. On reciystallization from ether, 
this was sharpened somewhat to 135-136°. 

Ci,H„. Calculated, C 93.53, H 6.47; found, C 93.64, H 6.66 

Fraction 9 yielded 84 mg. of needles which melted at 131-134°. This 
material was used for the following derivatives. 

30 mg. of hydrocarbon were* treated with an equivalent of picric acid in 
a small volume of acetone. The complex crystallized nicely from the con- 
centrated mixture at — 18°, but separated in crystals of two apparent shades, 
one much paler than the other, due possibly to differing crystal solvent con- 
tent. From acetone-ether it separated in pale orange prisms or needles 
which melted at 134-135°. 

C„H„.C 8 Hs 07 N,. Calculated, C 61.72, H 3.83; found, C 61.48, H 3.97 

30 mg. of hydrocarbon and 25 mg. of 1,3,5-trinitrobenzene yielded 42 
mg. of the complex from acetone solution. Recrystallized from acetone, 
it formed bundles or rosettes of long needles which melted at 165 -lCG . 

Ci7Hi 4.C.H,0,N,. Calculated, C 64.01, H 3.97; found, C 64.16, H 3.80 


SUMMARY 

Isorubijervine has been transformed through its ketone isorubijeryone to 
a mixture from which alloisorubijervine was isolated over its digitoniae. 
Rubijervine was similarly transformed through rubijei ' one to a 
of epimers from which allorubijervine and epiallorubijer ine were separat • 
All of these substances give the Rosenheim color reaction of allocholestero 
to be explained by a double bond and which implies that Ring B is 
membered. A unique product of the dehydrogenation of isorubije^^ 
has been found to be 1 ,2-cyclopentenophenanthrene. A normal s cm 
ring system of the non-nitrogenous portion of rubijervine and isorubijervi 
is therefore indicated. 

All analytical results reported here were obtained by Mr. D- 


BIBLIOGRAPHY 

1. Jacobs, W. A., and Craig, L. C., J. Biol. Chem., 162, 641 (1944). napen- 

2. Craig, L. C., and .lacobs, IV. A., J. Biol. Chem., 141, 253 j® mowI 

3. Oppenauer, R. V., Rec. Irav. chim. Pays-Bas el Belgique, M, r 16, 

4. Ruzicka, L., Ehmann, L., Goldberg, M. W., and Hosli, H., f <’■ 

833 (1933). Kon, G. A, R., J. Chem. Soe., 1081 (1933). . ..-nthrenc, 

5. Eieser, L. F., The chemistry of natural products related o p 

York, 160 (1937). 



DISTRIBUTION OF CATHEPTIC ENZYMES IN THE 
HOG laDNEY* 

Bt PAUL C. ZAMECNHC akd MARY L. STEPHENSON 

{From the Medical Laboratories of^ the Collis P. Huntington Memorial Hospital of 
Harvard University, at the Massachusetts General Hospital, Boston) 

(Received for publication, May 1, 1945) 

The term cathepsin was introduced by Willstatter and Bamann (1) to 
characterize an intracellular proteinase of animal origin active at weakly 
acid pH. The presence of a number of catheptic enzymes in animal tissues 
has been demonstrated in Bergmann’s laboratory (2-6) by means of syn- 
thetic peptide substrates. The present experiments were undertaken to 
find out whether these catheptic enzymes differed in activity in histo- 
logically distinct portions of the same organ. 

The two regions selected for comparison were the outer portion of the 
renal cortex and the medullary papillae, as diagrammed in Fig. 1. The 
catheptic activity of the metabolically active cortex, composed of nephrons 
responsible for filtration, secretion, and absorption, was found to be con- 
sistently higher than was the catheptic activity of the collecting tubules 
which make up the medullary papillae. 

EXPERIMENTAL* 

The rate of hydrolysis was determined by the method of Grassmann and 
Heyde (7). The composition of the test solution was as follows: 1.0 cc. 
of 0.1 M substrate (0.12 m for di-leu cylgly cine), 0.8 cc. of 0.1 m enzyme- 
buffer solution, 0.2 cc. of 0.4 m cysteine, and 0.01 cc. of toluene. Incubation 
was carried out in a volumetric flask at 40° in the presence of air. Initial 
and final pH determinations were made with a glass electrode assembly. 
The solution of cysteine was freshly prepared before use. 

There was a considerable amount of autolysis when e.xtractions were made 
ivith water, and appreciable autolysis with 30 per cent glycerol. No 
autolysis was present nith 50 per cent glj''cerol. In these experiments, 
therefore, the most reproducible results were obtained with extraction of 
enzyme from dry tissue pow'der by means of a 50 per cent glj'cerol-0.1 m 
citrate buffer solution. With each set of experiments autolj'sis controls 
were carried out. 

* This is Reprint No. 603 of tbe Cancer Commission of Harvard Universitj . 

* The substrates benzoyl-Z-argininamide, carbobenzoxy-f-glutamyl-f-tj rosine, 
and carbobenzoxyglycyl-Z-phenylalanine were obtained through the courtesj’ of t e 
late Dr. Max Bergmann, and dZ-leucylglycine through the courtes}' of Dr. M. S. 
Dunn. 
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Nitrogen determinations were made according to the nucro-Kjeldahl 
method of Wagner (8). In order to av^oid excessiv.e foaming and charring 
of the glycerol extracts in the digestion procedure, a veiy low flame vras 
used until the initial foaming had ceased, after which the flame was in- 
creased until the charred mixture became clear. Glycerol extracts took 
longer to clear than aqueous extracts. Duplicates checked when blow 
pipettes were used. Total nitrogens of aliquots of 0.9 per cent sodium chlo- 
ride tissue extract agreed whether the aliquots ivere digested in the presence 
of added glycerol or simply in the presence of 0.9 per cent sodium chloride. 
Glycerol did not, therefore, interfere writh the complete digestion of the 
protein. Non-protein nitrogen filtrates were obtained b}’’ precipitation of 
the protein in a 10 per cent trichloroacetic acid solution. 



Fig. 1. Diagram of kidney, shon-ing in black the regions selected for enzs'mshc 
study. 

Ammonium sulfate and acetone purification procedures performed on 
aliquots of the same dried powder did not give reproducible activity con 
stants.- 

Preparalion of Enzymes 

2 pounds of fresh hog kidneys, packed in ice, were obtain^ 
slaughter-house. The outer portion of the cortices was cut off in strips 
to 3 mm. thick and 6 to 8 cm. long, and the medullarj' papillae 
fully dissected away from the remainder of the medulla. In the on ^ 
tudinally cut kidney the medullary papillae stood out as ^tinctlj 
areas than the remainder of the medulla, which blended into the 
region. Since these papillae protruded into the renal pelris, t ej 
easily be dissected out by means of a sharp scalpel. This proe 
carried out at 2.5°. It ivas impossible to free the medullary p 

* The authors are indebted to Mr. I.ester Tobin for assistance in these expo 
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completely from adjacent connective tissue, but as much as possible was 
removed. The tissues were dried according to the Flosdorf-Mudd (9) 
technique for 24 hours. The dried tissues were ground to a fine powder 
(the medullarj’’ papillae were sieved to remove a few bits of connective 
tissue which could not be well ground) and were stored over phosphorus 
pentoxide in a vacuum desiccator at 2.5°. The rate of inactivation of 
enzyme under these conditions was slight during a storage period of 2 


Table I 

Hydrolysis of Certain Synthetic Substrates by Glycerol Extracts of Hog Kidney Cortex 

and Medulla 


Substrate 

! 

Type of enzyme 
tested for* 

Cortex 

C X 10* 

Medul* 

ikry 

papillae 

1 Cortex 


Carbobenzoxy-Z-glutamyl-l-tyrosine 

Pepsinase 

22 

4.7 

4.7 

Carbobenzoxyglycyl-f-phenylalanine 

Carboxypeptidase 

12 

2.8 

4.3 

Benzoyl-Z-argininamide 

Trypsinasett 

11 

3.9 

2.8 

di-Leucylglycine 

Aroinopeptidaset 

16 

3.0 

5.3 


Cortex = 2.40 mg. of protein nitrogen per cc. of test solution; medulla = 2.44 mg. 
of protein nitrogen per cc. of test solution; pH range, 5.06 to 5.22; initial and final pH 
values constant within 0.05 pH unit in all cases. Citrate buffer to 0.04 m, cysteine 
0.04 M, substrate 0.05 m (dl-leucylglycine 0.06 m). Temperature 40°, toluene 0.5 per 
cent. The reaction followed first order Idnetics; the average of three closely agree- 
ing readings is recorded in the table. Times chosen to give substrate hydrolysis 
range from 20 to 70 per cent. Rate of hydrolysis of dl-leucylglycine calculated on 
the basis of splitting of the I form. K — \/t log a/(a — i). C = K per mg. of 
protein nitrogen per cc. of test solution. 

* The enzyme classification is that suggested by Bergmann (6) . 
t There is the possibility of some carboxypeptidnse activity contributing to the 
hydrolysis of these substrates. . 

t The term “tryptase” or “tryptic endopeptidase” might be a better choice of 
terminology for this enzyme, whose action is similar to that of trypsin. Likewise, 
“peptase” or “peptic endopeptidase” might be preferable to “pepsinase, _®mce t e 
enzyme in question does not split pepsin but rather resembles it in specificitj re 
quirements. 

weeks, permitting a number of determinations on aliquots to be made. 
The strips of cortex yielded 86 gm. of pale brown powder, whereas 3.3 gm. 
of reddish powder were obtained from the medullary papillae. The rario 
of dry weight to wet weight for the cortex was 20.0 per cent and for t e 
medulla 20.4 per cent. 

Extracts of cortex and medullarj'^ papillae were prepared in the same 
way. 1200 mg. of the dried tissue were ground up in a mortar for 4 mmutes 
with 12 cc. of 50 per cent glycerol-0.1 m citrate buffer, pH 5. The solution 
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was centrifuged for 5 minutes at 2400 k.p.m. and was then filtered through 
a thin layer of Pyrex glass wool. The filtrate was kept in ice water and 
its enzymatic activity tested within 2 hours. The e.xtract of kidney cortex 
contained 7.55 mg. of total nitrogen and 6.01 mg. of protein nitrogen per 
cc., while the medulla extract yielded 7.90 mg. of total nitrogen and 6.11 
mg. of protein nitrogen per cc. The protein lutrogen concentrations of the 
extracts of cortex and medulla were therefore approximately equal, which 
eliminates the possibility that differences in enzymatic activity in the two 
regions may be accounted for by some anomalous relationship between 
rate constant and enzyme concentration, such as that encountered by 
Irving et al. (10). 

Aliquots of the dried tissue, extracted and tested at intervals during a 
2 week period, repeatedly gave approximately the same enzymatic activity. 
As a test of the reproducibility of the methods, twelve separate 500 mg. 
aliquots of dried renal cortex were extracted and tested for activity toward 
benzoyl-t-argininamide at pH 5 in the "presence of added cysteine. The 
results were as follows, expressed as (P X 10“*: 9.7, 9,4, 10.3, 11.8, 8.7, 
13.0, 10.3, 11.9, 10.2, 8.4, 10.0, 8.1.’ The arithmetic mean was 10.2 with 
the standard error of the mean = 0.43 (11). 

Two other batches of kidneys were worked up and gave results similar 
to those summarized in Table I. 


DISCUSSION 


The activity of catheptic enzymes Twas found to be consistently higher 
in the hog kidney cortex than in the medullary papillae, as shown m 
Table I, and to exceed the limit of error of the methods used. The differ- 
ence in the activity ratio of individual enzymes between cortex and medulla 
ranged from 2.8 to 5.3. More detailed work would be necessary, however, 
to prove w'hat this latter point suggests, that an individual catheptic enzyme 
may vary independently of others in different regions of a single organ. 

Previous work (4) has demonstrated the presence in the hog kidney o 
at least four separate catheptic enzymes, characterized and classified ac 
cording to their specific activities on certain peptide substrate, 
same tjqies of key substrates have been used in the present experiments o 
compare the catheptic enzymes in two distinct regions of the hog ki ‘ 

A histological check was made on aliquots of the tissue selected fors u 7 
It should be pointed out that, whereas there is relatively little ' ' 
connective tissue in the cortex, there is considerably more in the m 
papillae. The enzymatic differences found, therefore, represent t is 
ence in the amount of connective tissue in the two regions as we ^ 
difference between the cortical nephrons and the papillary collec mg 

• See the explanation below Table I. 
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SUMMARY 

The activity of catheptic enzymes present in the hog kidney has been 
found to be consistently higher in the cortical than in the medullary region. 
Lyophilization of fresh tissue and extraction of the dried tissue powder 
with 50 per cent glycerol-0.1 M citrate buffer at pH 5 provided a satisfactory 
method of preparing extracts for these studies. 
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THE MICROBIOLOGICAL ASSAY OF VITAjVIIN B. CONJUGATE 

By O. D. bird, BETTY BRESSLER, RAYMOND A. BROIVT^^ 

C. J. CAMPBELL, and A. D. EMMETT 

(From the Research Laboratories of Parhe, Davis and Company, Detroit) 
(Received for publication. May 3, 1945) 

Coincident with work leading to the isolation of vitamin B^ from liver 
in this laboratory (1), other sources of the vitamin were being investigated. 
Very early it was observed that only part of the vitamin Be indicated by 
chick assays to be present in yeasts and yeast extracts could be accounted 
for by microbiological assays with Laclohadllus casei. This suggested that 
part of the vitamin present in these substances was in a bound form which 
was ineffective as a gro^wth stimulant for this organism. Since that time 
we have extensively studied enzymatic procedures for releasing vitamin Be 
from the bound form in which it apparently exists in natural materials, 
in order to be able accurately to assay them microbiologically. This is a 
summary of some of the results of this study. 

In an earlier report from this laboratory (2) it was indicated that concen- 
trates from yeast which were active in curing anemia in chicks, but only 
slightly active on Lactobacillus casei, became strongly active on Lactobacillus 
casei following enzymatic digestion. Welch and Wright (3) have pointed 
out the possible existence in milk of a microbiologically inactive folic acid- 
like material possessing vitamin activity in the rat. Totter, Mims, and 
Day (4) reported that incubation with fresh rat liver increased the folic 
acid content of dried brewers’ yeast as measured by microbiological assay. 
Later these workers (5) described the preparation of a fraction from rat 
liver which was effective in producing a microbiologically active factor from 
inactive material. Mallory et al. (6) reported the concentration of a frac- 
tion from yeast which became active microbiologically after treatment with 
an enzyme preparation. They pointed out a possible correlation between 
this factor, vitamin M, vitamin Be conjugate, and a factor in yeast which is 
antagonistic to the effects of succinylsulfathiazole in the diet of rats. Las- 
kowski, Mims, and Day (7) have recently succeeded in purifying to a con- 
siderable degree an enz 3 Tne which is active in this conversion. 

EXPERIMENTAL 

The enzymatic digestion procedure of Cheldelin et al. (8), employing 
taka-diastase and papain, proved to be ineffective in hberating vitamin Bt 
from its conjugate. However, it was found that either taka-diastase or 
clarase was partially effective when used in high dilutions. The activity of 
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these enzyme preparations varied greatly among different lots. Some 
samples of these products were almost entirely inactive. 

Certain animal organs, as well as other natural materials, proved to be 
more effective. Bird et al. have recently noted the occurrence of an enzyme, 
widely distributed in nature, which formed vitamin Be from its conjugate 
(9). In our earlier work various tissues were employed, either ground 
while fresh, or as a powder prepared by acetone desiccation and milling. 

Examples of the action of some of these crude enzyme preparations upon 
a concentrate of vitamin B^ conjugate from yeast are sho^vn in Table I. 
The samples were incubated with the enzyme preparations under toluene 
in small Erlenmeyer flasks at approximately pH 4.5. They were then auto- 


Table I 

Effectiveness of Different Sources of Enzyme in Releasing Vitamin Be from Its Conjugate 


Enzyme source ' 

Enzyme 
preparation > 
per cc. 
substrate 

Substrate 

dilution* 

Incubation 
time Bt 37* 

ViUmin 

In enzyme 
(blank) 

Be found 

In 

subslrite 
(less bbflk) 


sm. 


hrs. 

7 

y ptr (C. 

Control (no enzyme) 





1.8 

Fresh beef heart 

1.0 

1:10 

48 

0 

1.8 

“ " spleen 


1:10 

48 

0.15 

8.4 

Clarase 


1:20,000 

48 

4.15 

ST7 

Desiccated hog liver 

HSiRh 

1:10 

72 

0.55 

' 2.6 

it U << 

0.20 

i:i0 

72 

1.30 

0.0 

tt n 

0.50 

1:10 

72 

3.25 

13.0 

Fresh hog liver 

1.0 

i:l,000 

48 

3.5 

16.4 

Desiccated hog kidney 

0.30 

1110 

48 

0.75 

27.0 

“ intestine 

1 

0.20 

1 

1:10 

72 

0.10 

26.3 


* A concentrate of vitamin Bt conjugate from yeast. 

claved briefly, centrifuged, and the supernatant assayed trith Lactobacilli 
casei by a modification of the method of Mitchell and Snell (10), 

\dtamin B^ being used as the standard. The medium was the same as a 
described in the published procedure except that the pyridoxine hydroc 
ride content was increased from 200 y to 1000 y per liter. The ° 
hydrolyzed casein was DLfco casamino acids. This was dissolve in i ^ 
tilled water at a concentration of 10 per cent prior to preparation o 
medium, adjusted to pH 3.5 with hydrochloric acid, and treated va 

cent by weight of Darco G-60. After 15 minutes the Darco u as ere 
and the clear solution used in the subsequent preparation of the me m^ 
The inoculum used in this assay procedure was found to be o gre 
portance. It insured a low blank and a steep response cuije 
addition of graded amounts of vitamin Be. It was prepare as 
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Two stock cultures were prepared each month. One of these was main- 
tained undisturbed, while subcultures were made from the other, weekly, in 
solid medium. 24 hours prior to the time an assay was to be set up a trans- 
fer was made from the subculture to a tube of liquid medium containing 5 
cc. of the riboflavin medium of Snell and Strong (11), 5 cc. of water, and 1 
7 of riboflavin. At the time of the inoculation, 1 cc. of this culture was 
diluted aseptically vith sterile saline to 10 cc. and 1 drop of this dilution 
used for inoculum. The cultures were grown in Evel 3 m colorimetric tubes 
and their turbidity determined with this instrument after 40 hours incuba- 
tion at 37°. This made it convenient to set up and inoculate the assay 
tubes in the afternoon and read them the morning of the 2nd day later. 

Desiccated hog kidney proved to be a practical source of the enzyme. It 
was highly active, had a vitamin content, or blank, low enough for most 
purposes, and was extremely stable. Desiccated hog intestine had a lower 
blank but this advantage was outweighed by the fact that it was more 
difiBcult to prepare in quantity. We have kept a sample of the desiccated 
kidney at room temperature over 2 years and can detect no change in its 
activity. The desiccated kidney used in these experiments (Table II, 
Method 1) was prepared by grinding fresh hog kidney and immersing it in 6 
volumes of acetone. Following filtration, rewashing with acetone, and air 
drying, the residue was milled to a fine powder. An amount of sample ex- 
pected to contain 25 to SO y of rdtamin Be was transferred to a small beaker. 
A few cc. of water and 0.3 gm. of powdered desiccated kidnej' vere added. 
The mixture was adjusted to pH 4.3 to 4.5 by the addition of dilute HCl or 
NaOH. It was washed into a test-tube or Erlenmeyer flask; the volume 
was kept between 10 and 20 cc. A few drops of toluene were added and the 
sample incubated 48 hours at 37°. Then it was heated briefly in an auto- 
clave, adjusted to pH 7.0, and diluted to 50 cc. After mixing and centrifug- 
ing, an aliquot of the supernatant was removed for microbiological assa 3 '. 

The second enzyme preparation studied was an extract of almond 
(Method 2) . This was prepared by grinding unheated almonds in a mortar 
while gradually adding either water or 0.1 m phosphate buffer of pH 7.0 
until a total of 10 cc. had been added for each gm. of almond. The result- 
ing emulsion was filtered through muslin. In making the enzjiim prepara- 
tion from almond meal (Method 3), an e.xtract was made by adding water 
or phosphate buffer to commercial almond meal in the proportion o 3 cc. 
per gm. of meal. After occasional shaking of this mixture for hal an our 
it was filtered by suction through Super-Cel. An amount of samp e con- 
taining approximately 25 to 50 y of vitamin Be was incubated W cc. o 
either of the almond extracts described above for 48 hours at 37 . ^ Fo ow 
ing this it was treated exactly as described for samples treated wit esic 
cated kidney. 



634 


ATTAJUN’ Be CONJUGATE 


The enzyme preparation used in Method 4 •was made by grinding fresh 
hog kidney, adding 3 volumes of distilled -water, and allo-n-ing the mixture 
to autolyze under toluene at 37° for about 36 hours. The insoluble material 
was centrifuged off and the supernatant clarified by filtering through a layer 
of diatomaceous earth (Super-Cel). An amount of this solution equivalent 
to about 0.8 gm. of fresh kidney was added to an amoimt of the substrate 
calculated to contain 25 to 50 7 of vitamin Be in a test-tube. 5 cc. of 0.1 m 


T.\ble II 


Coniparison of Vitamin Bt Potencies Obtained by Chick Assay with Lactobacillus casei 
Assay Values before and after Enzyme Trealtrienl 



1 


Vitamin Be per gm. 

Substance 

No. 

Substance assayed 

Enryme ! 
method 
No. 

Microbiological assay 

Chick 


Initial 

After 

enzyme 

assay 

96372 

Yeast extract* 

1 

7 

2.5 : 

r 

50 

7 

55 

0742 

Concentrate from veast 

i 

U.6 

198 ' 

200 

38S43 

Yeast extract* 

2 

2.0 

52 

60 

38843 

(( (( 

3 

2.0 

57 

50 

42773 

Bacto-yeast extractf 

1 

0.7 

26 

25 

280 

45903 

Concentrate from yeast 

2 

12.6 


58264 

Liver extract 

1 

20.0 

26 

54 

58264 

ft ft 

2 

20.0 

52 

54 

65614 

Concentrate from liver extract 

i 2 

34.0 

89 

9S 

71124 

Asparagus juice concentrate^ 

4 

5.0 

/ 

12 

79914 

Concentrate from yeast 

4 

48.0 

7G7U 

Sl35 


Method 1, desiccated hog kidney, pH 4.3 to 4.5; Method 2, e.vtract of almon , p 
6.0 to 7.0. Later time-reaction experiments with enzyme preparations from ainion^ 
on a purified substrate, have shown the optimum pH of this enzyme to be abou p 
4.5; Method 3, extract of almond meal, pH 6.0 to 7.0; Method 4, extract of au 0 ji 
hog kidney, pH 4.5. 

* An aqueous extract of plasmolyzed yeast. 

t Difeo Laboratories, Detroit. . _ ,.„rch 

i Kindly supplied by Dr. Howard D.Lightbody, of the Western Regions e 

Laboratory, Albany, California. 


acetate buffer of pH 4.5 and enough water to make 10 at 

along ■with a few drops of toluene. This mixture was incubate 0 
45°, heated, centrifuged, and assayed. omewhat 

Recently we have modified the enzymatic digestion „t;Q of 

in order to reduce the ammmt of substrate, and therebj' increase ^^^ts 
enzyme to substrate. This made it possible to obtain cons 
even -with some samples which were inhibitory toward t e en 
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prepare the enzyme fresh hog kidney was blended and mixed with 3 parts of 
distilled water. This suspension was centrifuged and the centrifugate 
filtered through Super-Cel. The clarified extract was either dried from the 
frozen state and stored in the refrigerator, or dispensed in 5 cc. amounts in 
test-tubes and maintained in the frozen state in a dry ice chest. 

The sample to be digested was diluted wth water and an amount esti- 
mated to contain 1 to 2 7 of vitamin Be in 1 or 2 cc. of water added to a test- 
tube marked at 10 cc. 5 cc. of 0.1 m acetate buffer of pH 4.5 and an amount 
of enzyme preparation equivalent to approximately 0.4 gm. of fresh hog 
kidney were added. The volume was then about 8 cc. A few drops of 
toluene were added and the mixture incubated 16 hours at 45°. The con- 
tents of the tube were then adjusted to pH 7.0 by the addition of n NaOH, 
the volume made up to 10 cc., and autoclaved about 5 minutes. Appropri- 
ate dilutions were then made for assay. 

The biological assay values presented in Table II were obtained on chicks 
by the method recently published from this laboratory (12). The chick 
antianemia potencies were evaluated by comparison vith a substandard, 
included in each assay, which has been assayed directly against crj'stalline 
vitamin Be. 


DISCUSSION 

The microbiological assay procedure described above has not been found 
well suited for the determination of “free” %'itamin Be in natural substances 
whose major content of this ^dtamin is in the conjugated form. It is only 
after thorough treatment with a good source of vitamin Be conjugase 
that such natural substances give response curves similar to the response 
curve for pure vitamin Be which is used as the standard. 

It will be noticed that the correlation between antianemia potency in 
chicks and microbiological assay values after enzyme treatment is quite 
good except in the case of asparagus juice concentrate and liver extract, 
when desiccated kidney is used as the enzyme. However, when almond 
was used as a source of enzyme, the microbiological value for liver extract 
was practically identical with the biological potency. This has not been 
true ■with all liver extracts, nor was it true with asparagus juice concentrate. 
Regardless of the enzyme preparation used with various plant c.xtracts, we 
have been unable to obtain microbiological assays equal to antianemia po- 
tencies in chicks. This discrepancy may be due to the presence in plant 
extracts of inhibitors for the specific enzyme, or part of the chick activity 
may be due to the presence of one or more compounds which, even after 
treatment ■with the specific enzj’me, are inactive for Laclohacillus casci. 

Mallory el al. (6) have pointed out a correlation between microbiological 
assay values obtained for certain materials with Streptococcus lactic, follov - 
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ing enzyme treatment, and the corrective effect of these materials for the 
toxic symptoms produced in rats by succinylsulfathiazole. They have 
proposed that this effect on succinylsulfathiazole-treated rats be made the 
basis of a quantitative biological assay for vitamin Be or related factors. 
We feel that a comparison of microbiological assay data, obtained after 
enzyme treatment, with antianemia potencies determined on chicks is of 
even more fundamental significance, since the anemia in chicks is a natural 
deficiency disorder and not an artificial condition imposed by a drug. 

SUMMABY 

Methods are described for the enzymatic liberation of vitamin B c from the 
bound form in which it is often found in natural materials, making it pos- 
sible to obtain microbiological assays with Laciohadllus casd representing 
what appeared to be the total amount of the vitamin present. Sources of 
the enzyme used were desiccated hog kidney, extract of fresh and autolyzed 
hog kidney, and extracts of whole almond or almond meal. 

Microbiological assays of natural materials and concentrates Mth Laclo- 
bacilliLS casei, following these enzyme treatments, were for the most part m 
agreement with chick antianemia assays. There was an exc iption in the 
case of plant extracts, where no enzymatic procedure was found that would 
insure microbiological assay values equal to those obtained on chicks. 
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THE PATHWAY OF DECOMPOSITION OF MYO ADENYLIC ACID 
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In a previous study on the postmortem autolysis of adenosine triphos- 
phate in brain (1) it was found that after the loss of two phosphate groups 
the resulting myoadenylic acid was further decomposed to nucleoside or free 
purine without any increase in inosinic acid. Adenine, hypoxanthine, and 
pentose were found in the fraction containing nucleosides and free purines, 
and as autolysis proceeded, hypoxanthine increased at the expense of ade- 
nine. Since enzymes for the deamination of adenine are known to be absent 
from the skeletal muscle of the rabbit, pig, and dog (2, 3), and from all 
human tissues (4), the progressive decrease of this purine suggests that it is 
deaminized in the form of riboside. The conclusion was therefore reached 
that in nerve tissue myoadenylic acid is dephosphorylated ivith the produc- 
tion of adenosine, rather than deaminized to form inosinic acid with subse- 
quent dephosphorylation. This course of decomposition differs from that 
previously deduced for the muscles of the frog (5) and rabbit (6), but is 
similar to that suggested for embryonic tissue, liver, and Jensen’s sarcoma 
of rats (7). 

Our conclusions regarding the formation of adenosine in nerve tissue were 
based on the indirect evidence mentioned above, no methods being then 
available for the quantitative separation of nucleoside from free purine. 
The formation of adenosine, either in the normal catabolism of tissues or 
after injury, is of considerable interest from the pharmacological point of 
view (8), and a more direct approach to the problem is desirable. With this 
in view we developed methods for the quantitative separation of purine 
nucleosides from the free purine bases, and for the determination of the 
purines and ribose in these fractions (9). With these methods the course 
of autolysis of myoadenylic acid has been reinvestigated in the brain, skeletal 
and heart muscle, liver, and testes of the dog. 

EXPERIMENTAL 

The tissues were taken from dogs under amytal anesthesia, and immedi- 
ately crushed in a mortar or ground in a meat chopper, previous experience 
having shown that the rate of catabolism of nucleotide is much greater in 
crushed than in intact tissue (1). The ground tissue was allowed to auto- 
lyze at 37° for specified periods, then transferred to 10 per cent trichloro- 
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acetic acid. Further details of the methods for handling fresh and auto- 
lyzed tissues and the preparation of the protein-free filtrates are given else- 
where (1, 10). Fromthesefiltratesnucleotideswereprecipitatedbyuranium 
acetate, free purines by silver nitrate in acid solution, and nucleosides 
by silver nitrate in alkaline solution. The indi\ddual purines contained in 
each of these fractions, as well as ribose in the two silver precipitates, were 
then determined. The entire procedure, designed especially for the present 
study, is described in a recent paper (9). Organic phosphorus (t'.e., the 


Table I 

Dislribulion of Adenine, Hypoxanthine, and Guanine As Nucleotide (Uranium 
Precipitate), Nucleoside (Alkaline Silver Precipitate) , and Free Purine (Acid 
Silver Precipitate) in Trichloroacetic Acid Extracts of Crushed Brain 
(Dog) after Various Periods of Autolysis 
The results are expressed in millimoles per kilo of tissue. 























Table II 

Distribution of Purines in Nucleotide (Uranium Precipitate), Nucleoside (Alkaline 
Silver Precipitate) , and Free Purine (Acid Silver Precipitate) Fractions 
of Trichloroacetic Acid Extracts of Skeletal Muscle after Various 
Periods of Autolysis 


The results are expressed as millimoles per kilo of tissue. 
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* No adenine was found in this fraction in any experiment of this group, 
t Double precipitation of purines as copper bisulfite compound, 
t Includes 0.007 mii of guanine. 


Table III 

Distribution of Adenine, Hypoxanthine, and Guanine As Nucleotide (Uranium 
Precipitate) , Nucleoside (Alkaline Silver Precipitate), and Free Punnc (Acid 
Silver Precipitate) in Trichloroacetic Acid Extracts of Minced Heart 
Muscle of the Dog, after Various Periods of Autolysis 
The results are expressed in millimoles per kilo of tissue. 
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* No adenine was found in this fraction in any experiment of this group, 
t Double precipitation of purines as copper bisulfite compound. 
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its deamination product inosinic acid occurs in brain, heart muscle, or 
testes, while in liver and skeletal muscle the increase of inosinic acid repre- 
sents only a small fraction of the original nucleotide. 

In the nwleo&ide fraction adenine is found in significant quantities in 
brain, heart muscle, liver, and testes, but not in skeletal muscle. Hypoxan- 
thine is found as nucleoside in all of the tissues, but in the largest quantity 
in skeletal muscle. Ribose in the nucleoside fraction is in general somewhat 
higher than the sum of the purines. Organic phosphorus in this fraction is 
either absent or small in amount compared to the ribose and purine content, 
thus excluding significant contamination with nucleotide. 

In the free -purine fraction only traces of adenine are found in brain and 
liver, but none in testes and skeletal and heart muscle, the chief constituent 
of the free purine fraction being hypoxanthine in each of the tissues ex- 
amined. Some pentose is found in the acid silver precipitate in most of the 
specimens. 

The adenine nucleotide content of the several tissues studied varies be- 
tween 3 and 6 mM per kilo of fresh tissue, heart muscle being the richest, 
skeletal muscle and liver containing about a third less, and brain about half 
as much. 

Guanine nucleotide varies between a minimum concentration of 0.14 
mw per kilo in skeletal muscle to 0.39 mw in brain and liver, with heart mus- 
cle intermediate. Guanine nucleotide represents 9 to 13 per cent of the 
total acid-soluble nucleotide in brain, liver, and testes, but only 3 per cent 
in skeletal and heart muscle. During autolysis the decomposition of this 
nucleotide is not as extensive as with adenylic acid. Guanine in the nucleo- 
side fraction increases significantly in heart and liver 

For the sake of comparison of autolysis in intact and minced muscle, a 
specimen was removed from a dog 20 minutes after death, then ground and 
immediately fixed in trichloroacetic acid. The results (Table II) show the 
adenine and guanine nucleotides at the resting level, and practically no 
inosinic acid present. In a similar experiment ■with beef muscle autolj'sis 


* Hitchings (12) recommended double precipitation of the purines as copper bisul- 
fite complex before performing the colorimetric determination of guanine, in order to 
eliminate extraneous chromogemc substances This we did with most of the nucleo- 
tide fractions, as recorded in Tables I to IV, but not with the nucleoside and free 
purines in the silver precipitates, because of danger of loss in handling the very small 
amounts of purine The amount of interfering chromogemc substance in the sil\er 
precipitates should be much less than in digests of whole tissue, which Hitchings used 
for the determination of total guanine, but the values presented in our tables maj 
be high, especially after extensive autoljsis, for the increase obsen^ed in guanosinc 
and free guanine is greater than the decrease in guanine nucleotide The negative 
values reported for hjpoxanthine in some experiments are explained in our recent 
publication (0) as being due to the precipitation of small amounts of guanine with 
adenine picrate 
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during 5 hours after death caused the loss of only a quarter of the adenylic 
acid, 14 per cent forming inosinic acid and 12 per cent nucleoside or free 
purine, changes which correspond to those taking place rvithin about 10 
minutes in minced dog muscle. 


DISCUSSION 

Indirect evidence presented in an earlier publication (1) and reviewed in 
the introduction above indicated that the pathway of catabolism of adeno- 
sine triphosphate in autolyzing brain is by way of adenosine. This is now 
confirmed by separating adenine together with an equivalent amount of 
pentose from the extract of crushed brain by methods especially designed 
to precipitate nucleosides (9). 

Our results show that the same pathrvay of decomposition of adenine 
nucleotide, i.e., by way of adenosine, is also followed in minced heart muscle, 
testes, and liver of the dog, but not in skeletal muscle. 

Although Pamas (5) and Ostem (6) had excluded adenosine and adenine 
as by-products in the catabolism of adenylic acid in frog, rabbit, and beef 
skeletal muscle, Ostern and Mann (13) stated that in some experiments 
they had had evidence which led them to suspect the foimation of adenosine 
in certain tissues. They finally concluded that the pathway of decomposi- 
tion of adenylic acid is by way of dephosphorylation to adenosine, rather 
than by direct deamination, in those tissues in w'hich adenosine is deami- 
nized more rapidly than adenylic acid, e.g., heart muscle. I-eis attempted 
to secure more direct evidence on the ability of these tissiies to dephos- 
phoiylate nucleotides, and this led to the discovery of the sriecific 5 -nucleo- 
tidase (14). The ability of various tissues or their extracts to remove 
phosphorus from the purine nucleotides had already been demonstrated by 
many workers (6, 15), but this action was attributed to the non-specific 
alkaline phosphatase (16). 

Since enzymes capable of removing phosphorus from nucleotides were 
known to be present in various tissues, as noted above, and also deammases 
capable of splitting the amino group from both adenylic acid and adenosme 
(2), a number of studies were made to determine whether deamination pre 
ceded the loss of phosphorus or vice versa. After a series of conflicting re 
ports had appeared (17), Pamas, Ostern, and Mann (18) presented 
that only adenylic acid, not adenosine triphosphate, is deamimze 1 
muscle brei. Our results with autolyzing brain (1) support this cone 
for no deamination of nucleotide occurs until two of the three phosp oru 
groups attached to the adenosine triphosphate have been 

The further decomposition of adenylic acid appears to vary with i . 
tissues and their treatment. According to von Euler and Skarzyns 
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the dephosphorylating mechanism seems to predominate over that for 
deamination in liver, embryonic tissue, and Jensen’s sarcoma of the rat. 
Our analj'ses confirm this for liver by the finding of adenosine. 

Deamination of the nucleotide predominates over dephosphorylation in 
skeletal muscle. Pamas (5), on grinding frog muscle rvith water, found 
the adenylic acid converted only to inosinic acid with no loss of the acid- 
stabile phosphorus group. With rabbit muscle 1 to 6 hours post mortem 
Ostem (6) accounted for 40 to 50 per cent of the nucleotide as inosinic acid, 
and about 20 per cent as h 3 T)Oxanthine in the nucleoside and free purine 
fractions. In dog muscle the maximum amount of inosinic acid we ob- 
served (10 minutes after mincing) represented only one-fifth of the original 
adenylic acid. With intact beef muscle even less than this was found 5 
hours post mortem. Our failure to find either adenosine or free adenine in 
skeletal muscle confirms in part the work of Pamas and Ostem, but under 
the conditions of our experiments inosinic acid formation was much less 
than they observed. 

Reasons for the divergence of the pathway of decomposition in various 
tissues must be sought in the enzyme systems governing the splitting of the 
nucleotide molecule at its vulnerable points. In a tissue containing deami- 
nases, phosphatases, and possibly N-nucleotidase (19, 20), each capable of 
decomposing adenylic acid in a different way, the course of events will 
depend on the relative amounts of the various enzymes, and on conditions 
which affect the activity of each, such as acidity, the concentration of 
activators, and the formation of split-products (ammonia, inorganic phos- 
phate, adenosine, or inosine) which may inhibit certain reactions. Since 
-the content of these enzymes and of metallic ions such as magnesium and 
calcium varies widely in different tissues, the pathway of decomposition, 
being the resultant of the competition of the enzymes for the substrate, may 
also differ. Since the N-nucleotidase probably plays a minor r61e, the path- 
way of decomposition for adenylic acid is determined by the competition 
between the deaminizing and the dephosphorjdating enzyme S 3 'stems. 
Predominance of the latter results in the formation of adenosine, which is 
then subject to deamination, whereas if deamination proceeds at a more 
rapid rate than dephosphorylation the result is inosinic acid, vhich in turn 
loses phosphorus to become inosine. 

It is of interest, therefore, to compare the phosphatase content of such 
tissues as skeletal muscle, in which adenosine is not formed, vath brain or 
heart in which adenosine is readily produced during autolysis. Beis ( 4), 
studying the activity of a number of tissues, found the white substance of 
calf brain to be one of the richest sources of the specific 5-nucle(^i ase, 
whereas frog muscle contains a negligible amount, thus axplainmg t e act 
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that in frog muscle the adenylic acid is only deaminized to inosinic acid, 
with no loss of phosphate (5), ivhile in brain dephosphoiylation proceeds 
more rapidly than deamination and adenosine is produced, as shown in this 
paper. 

Further work is necessaiy to determine whether the pathway of decompo- 
sition of adenylic acid is uniform in the same organ of different animals, for 
the findings of Reis (14) suggest a great variability in the nucleotidase con- 
tent of heart muscle, rabbit heart being poor, rat and frog heart rich in this 
enzyme. 

It should be noted that not only the 5-nucleotidase but also the non- 
specific alkaline phosphatase of bone, intestine, etc., is a powerful agent in 
removing phosphorus from the nucleotides (21). Both en 2 ymes may par- 
ticipate in the breakdowm of nucleotide to nucleoside, the pH range for 
activity being the same for each. 

Ishikawa and Komita (19) and Komita (20) demonstrated the existence 
of a glucosidase (N-nucleotidase) in dog pancreas, capable of splitting 
guanylic and xanthylic acids, but no studies w'ere made on adenylic acid. 
Decomposition of adenylic acid by this enzyme would produce free adenine. 
In our studies the quantities of adenine found in the free purine fraction of 
brain and liver are so minute that w'e prefer to withhold any interpretation 
until these results can be checked with improved methods.® 

The occurrence of pentose in the acid silver precipitate needs explana- 
tion. In our study on methods (9) it was found' that, although nucleoside 
in pure solution is not precipitated in acidic medium, some of it may be 
carried down ivith silver chloride. Any nucleotide which escapes precipi- 
tation by uranium acetate should be precipitated later by silver nitrate m 
alkaline but not in acid solution (9), but as already stated the amount of 
organic phosphorus in the alkaline silver precipitate is negligible. In the 
acid silver precipitate there is some organic phosphorus, but it corresponds 
roughly to the pentose concentration only in brain filtrates; hence it is un- 
likely that the pentose found here represents either nucleotide or ribose 
phosphate. 

The physiological significance of tissue deaminases and phosphatases 
with specific activity for adenylic acid is not yet understood. The 
vaso-depressor properties possessed by adenosine but not by inosme f 
and the fact that in the catabolism of adenylic acid adenosine is produce m 
nerve tissue but not in skeletal muscle suggest the possibility that c 
liberation of adenosine from the nerve endings may play a role in the con ro 
of the capillarj" circulation. 

* The presence of guanine makes the determination of small amounts 
unreliable (9). Studies are irr progress to adapt the present methods to ® 
mination of mticli smaller quantities of adenine without interference from gu 
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SUAIMAHY 

1. The course of decomposition of adenylic acid has been studied during 
postmortem autolysis in minced brain, skeletal and heart muscle, liver, 
and testes of the dog, and in ox testes. 

2. As adenylic acid disappears, no accumulation of inosinic acid occurs 
in brain, heart, or testes. In liver and skeletal muscle only a small propor- 
tion of the original nucleotide appears as inosinic acid. 

3. Decomposition of adenylic acid takes place much more slowly in intact 
than in minced tissues. 

4. Adenosine is produced in brain, heart muscle, liver, and testes, but not 
in skeletal muscle. Inosine is found in all the autolyzed tissues, but in the 
greatest amounts in skeletal muscle. 

5. The chief constituent of the free purine group is h 3 T)oxanthine in each 
of the tissues studied. 

6. Of the total acid-soluble nucleotide, 9 to 13 per cent is guanylic acid 
in brain, liver, and testes, and about 3 per cent in skeletal and heart muscle. 
Preliminary results indicate that guanosine is produced during autolysis in 
heart and liver. 
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COPPER AND ZINC IN EPIDERMAL CARCINOGENESIS 
INDUCED BY METHYLCHOLANTHRENE* 
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(.From the Research Department of the Barnard Free Skin and Cancer Hospital, and the 

Department of Anatomy, Washington University School of Medicine, St. Louis) 

(Received for publication. May 25, 1945) 

The r61e of the alkalies, alkaline earths, and of iron in epidermal carcino- 
genesis in mice has been described (1) and the integration of the chemical, 
physical, and histological changes in mouse epidermis undergoing carcino- 
genesis has been recently reviewed in a second summarizing report by 
(Howdry (2). The experiments here recorded to determine the epidermal 
copper and zinc contents were made to complete this chapter of our studies. 

EXPERIMENTAL 

Since we have limited samples of tissue for analysis, microprocedures 
are essential. Therefore, a polarographic method was detdsed for the 
determination of traces of copper (3). With this procedure recoveries of 
small amounts of this metal could be accurately determined in standard 
solutions containing the cations which we previously had found in mouse 
epidermis. However, interference due to another metal was encountered 
when the procedure was applied to hydrochloric acid solutions of epidermal 
ash (3). The current-voltage cun’e which appeared on our polarograms 
was proved to be zinc, a fact which we had not anticipated. Since 0.1 n 
potassium thiocyanate is a supporting electrolyte for both copper and zinc 
(4) and since the half wave potentials of these metals are widely separated 
(4), it was impossible to determine both metals on the same tissue sample. 
Furthermore, ferric iron does not interfere as it does not produce a diffusion 
current in the potential range used in these studies. For calibration 
purposes a standard stock solution of zinc chloride was made bj’ dissolving 
a weighed amount of reagent grade metallic zinc in dilute hydrochloric 
acid, and the copper content of a copper sulfate solution (approximatelj' 
0.06 N from cupric sulfate) was determined iodometricallj’' by the procedure 
of Foote and Vance (5). 

For analysis the sample of tissue was completely ashed at 450 in a silica 
crucible in a muffle furnace, and after cooling to room temperature the ash 
was dissolved in the crucible with 1 ml. of 0.1 n hydrochloric acid, to which 
Were added 1 or 2 drops of concentrated nitric acid to insure complete 

* This investigation was aided by grants from The International Cancer Research 
Foundation, the National Cancer Institute, and an anonjunous donor. 
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oxidation of the ferrous to the ferric ion. This solution was evaporated to 
dryness on a steam bath and just before analysis the residue was dissolved 
in the crucible vith 1 ml. of 0.1 n potassium thiocyanate. Then the entire 
contents of the crucible were poured into a small shell idal, the oxygen 
removed inth a stream of nitrogen bubbles, and the copper and zinc 
contents determined polarographically (4) . Nucleoprotein phosphorus ’cas 
used as a basis of reference for the amount of tissue involved (1). 

New Buffalo mice of both sexes were used and were painted with methj'I- 
cholanthrene (0.6 per cent weight per volume in reagent grade benzene) 
as in our previous work (1). In this investigation all mice were sacrificed 
5 days after the last treatment with the carcinogen instead of being killed 
from 1 to 4 days as was done heretofore, in order to make the interval 
between the last application and the time of sacrificing the animal the same 
in all our studies. All mice were maintained in glass jars until weaned, at 
which time they were placed in wooden boxes which were metal-free on the 
inside. This precaution was necessary because mice that had been reared in 
galvanized wire cages were found to contain more epidermal zinc than 


those raised in metal-free containers. 

The transplantable carcinoma which we have used for all analyses hffi 
passed through twenty-three generations, and has remained practically 
the same morphologically. The tumor has been described by Cooper, 
Firminger, and Reller (6). The tumor transplants were 'eraoyed about 30 
days after implantation, at which time they were small, solid, and m 
little, if any, necrosis. A pool of many tumors weighing between 8w an 
2000 mg. (wet weight) was employed for each analysis of copper and zinc. 


DISCUSSION 


The results of our investigations on the mineral compositioii 
epidermis undergoing carcinogenesis are shown graphically m lo- • 
The time in daj's is plotted against the percentage of change in the mo 
nucleoprotein phosphorus (NPP) ratios. The possible significance o 
changes in the minerals, except for copper and zinc, in hyperp as 
dermis and in the carcinoma has been mentioned (!)• From ig- 
apparent that three applications of methylcholanthrene 
Cu:NPP ratio at 10 daj^s to 45 per cent of normal. This . ^ 
tained esseEtiall 3 ' the same for 20, 30, and 60 dajm, at ivhich time 
had received six, twelve, and twenty-four treatments, (he 

carcinogen. Tlie copper content of the carcinoma is hand 

CurNPP ratio was lowered to 83 per cent of normal. On V^dircc 

the ZnrNPP ratio was diminished only to 20 per cent oi dimiauticc 
treatments with the carcinogen, and at 20, 30, and 60 da 3 S ® the 
of about 30 per cent was maintained. However, in t e c. 

Zn:NPP ratio was 68 per cent of normal, a considerable ecre 



C. CARHUTHERS AND V. SUNTZEFF 


649 


An over-all study of Fig. 1 reveals that magnesium, sodium, and 
potassium are not appreciably altered in hyperplastic epidermis, whereas 
calcium and iron are very low. Zinc and copper appear to occupy an 
intermediate position. These studies show that in hj^perplastic epidermis 
a new chemical equilibrium is established as early as 10 days after one 
treatment wth the carcinogen, and is maintained essentially unchanged 


NO.OFAPPUCfiTfONS OF METHyLCHOUNTH/jENE 



used to designate the change from late hj^perplastic epidermis to carcinoma. 

until carcinoma develops. It will also be noted that the rate of change of 
the minerals up to 30 days appears to be in a state of flux which gives way 
to a stable state between 30 and 60 days. 

In the transplantable carcinoma calcium and the heavj’^ metals, zinc, 
iron, and copper, are very low. (The FeiNPP ratio shown on the graph 
includes blood hemoglobin, and may be expected to show a further drop 
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when the latter is excluded.) Therefore, the carcinoma appears to have 
established still a different chemical equilibrium than that of hyperplastic 
epidermis as judged from the mineral composition. The two-step decreases 
in the calcium, iron, copper, and zinc contents reveal that the process of 
epidermal carcinogenesis occurs in two distinct phases: from normal to 
hyperplastic epidermis and from the latter to the cancer cell. 

The physiological importance of zinc in the animal organism was estab- 
lished for the first time by Keilin and Mann's discovery that the enzyme 
carbonic anhydrase is a zinc-containing protein (7). Zinc has also been 
found in purified preparations of uricase (8, 9), and the r61e of this metal 
in the storage of insulin has been considered (10-12). However, the 
importance, if any, of zinc and of copper in carcinogenesis in mice must 
aw'ait further investigation. 

Table I 


Copper and Zinc Content in Epidermal Methyleholanthrene Carcinogenesis 


Tissue ' 

! 

No. of mice 

No. of 
aoaiyses 

Cu per 100 
ag. tissue 

Znper IW 

mg tiiSTie 

Normal epidermis 

69 

! 

1 5 

m 

7 

■ 5.2 

Benzene-treated epidermis 

1 



mm 

Methylcholanthrene-treated epidermis 

115 

! 14 

0.33 


Carcinoma 

92 

9 

0.10 

m 


The amounts of copper and zinc in normal, benzene-treated, and m 
hyperplastic epidermis and in the carcinoma are shown in Table I. 


SUMMARY 

The role of copper and zinc in epideimal carcinogenesis in mice indiice^j 
by methyleholanthrene is discussed. Hjperplastic epidermis was 
to contain about 45 per cent less copper and about 30 per cent less zm- 
than does normal epidermis. The transplantable squamous cell carcinoma 
was very low in both copper and zinc, having 83 per cent less of the 
and 68 per cent less of the latter than that of untreated epidermis. 
possible signification of the role of the minerals in the process of trans orro^^ 
tion of normal epidermis to carcinoma is briefly described, and the evi e 
to date indicates that the transformation of normal mouse epidermi 
squamous cell carcinoma occurs in two distinct phases. 
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INVESTIGATIONS OF AMINO ACIDS, PEPTIDES, 

AND PROTEINS 

XXI. THE DETERMINATION OF HISTIDINE IN PROTEIN HYDROL- 
YSATES WITH LEUCONOSTOC MESENTEROIDES P-60* 

By max S. DUNN, MERRILL N. CAMIEN, S. SHANKMAN, and 
LOUIS B. ROCKLAND 

{From the Chemical Laboratory, Vniversily of California, Los Angeles) 
(Received for publication, April 3, 1945) 

Reasonably satisfactory microbiological procedures (2) for the determina- 
tion in proteins of arginine, aspartic acid (3), isoleucine, glutamic acid, 
leucine, lysine (4), serine (3), tryptophane, and valine with lactobacilli have 
been described previously but a microbiological method for the determina- 
tion of histidine has not been reported. A procedure for the determination 
of this amino acid with Leuconosloc mesenleroides P-60 is described in this 
paper. 

EXPERIMENTAL 

Solutions of the standard amino acid, the unknown, and the basal medium 
were transferred to the tubes ivith the aid of a Brewer automatic pipette 
(Baltimore Biological Laboratories). It was found that 1 ml. volumes of 
solution are delivered by this instrument with an error not greater than 
0.1 per cent. Solutions may be pipetted with this apparatus more con- 
veniently, with greater accuracy, and in much less time than by hand. 

It has been shown in experiments not reported in this paper that the 
growth-promoting activity of di-histidine was only one-half that of I (— )-his- 
tidine. 

It seemed desirable to determine what, if any, modifications in the com- 
position of basal Medium D given in Table I of a previous publication (5) 
were required so that the capacity of the medium to resist the stimu- 
latory or inhibitory influence of amino acids or other substances introduced 
in an assay of histidine would be approximately equivalent to that found 
previously to be satisfactory in the assay of lysine. A series of experiments 
on multiple media entirely analogous to those described previously in a 
comparable investigation of lysine (5) was performed but the curves 
showing the response of the microorganism to different concentrations of 
histidine at varying levels of components of the medium have been omitted 
in order that space might be conseia'ed. 

* For Paper XX in this scries see Dunn et al (1) This v or! vas aided bj' grant.s 
from the Gelatin Products Company, Merck and Company, Inc , the Nutrition 
Foundation, Inc., Schcring and Glatz, and the University of California. 
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It was found from measurements over a range of concentration of i(-)- 
histidine up to 25 y per tube that acid production was nearly constant for 
the stipulated constituents over the ranges of concentrations shown in the 
parentheses: total amino acids (1.5- to 2.5-fold levels), glucose (2 to 4 per 
cent), sodium acetate (1.2 to 2.4 per cent), purines and pyrimidines 
(adenine, guanine, and uracil wth and rvithout xanthine, 1- to 5-fold levels), 
buffer and other salts except sodium acetate (0.5- to 5-fold levels), and vita- 
mins (0.3- to 2-fold levels). Acid production decreased markedly at all 
levels of histidine up to 0.3 per cent sodium chloride but it decreased 
gradually beyond this and up to 2.5 per cent sodium chloride. There was a 
continuous increase in acid production up to 1.2 per cent concentration of 
ammonium chloride. Growth (t.e., turbidities measured with a photoelecfnc 
colorimeter (Lumetron)) was constant at each level of histidine up to 1.2 
per cent concentration of ammonium chloride. It would appear, therefore, 
that assays of histidine in unknown solutions containing relatively large 
amounts of this salt might be made satisfactorily by a turbidimetric pro- 
cedure. It would seem desirable in such instances, however, to investigate 
more completely the influence of other constituents of the medium on the 
growth of the microorganism. 

In view of the statement of McMahan and Snell (6/ that Lcuconosloc 
mesenteroides and other microorganisms have a tempera.twre optimum near 
30°, growth and acid production were measured at 28° an.d 35° at fivelevek 
of f(— )-histidine up to 6.4 y per tube and at intervals of 24, 48, 68, and lb 
hours. Smooth standard curves were obtained in all cases and total aci^ 
production at the highest level of histidine was equivalent to 1.5, 5.5, i.a/ 
and 10 ml. of 0.02 n sodium hydroxide at 28° and to 5, 8, 11, and 13 m . a 

On the basis of the described experiments, it was concluded that the ba-a! 
medium and the experimental conditions employed previously for fbe asa> 
of lysine would probably be equally satisfactorj' for the assay of hfe i 
Although it was demonstrated that no synthesis of histidine occurr 
over a 6 day period, it was found that the standard curves ;jj; 

factoiy when the microorganisms grew for 5 days. The casein, - 
fibroin, and the hydrolysis procedure were the same as those 
earlier (2) and the assay technique was the same as that given m prc 


publications. . . j),p 

It was determined in an e.xperiment designed to test the precisi 
titration values (Table I) that there was relatively little varia ion 
number of ml. of 0.05 n sodium hydroxide required to 
duced in thirteen replicate samples at each of ten ° /.Z {jons mis 
and that the mean deviation from the mean for the entire 
only 1.8 per cent. It appeared, therefore, that the 7 jQ^and fh.it 

var3^ significantly at different positions in the rack or tne j 
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Table I 

Reproducibilily of Titration Values with Leuconostoc mesenteroides P-60 at Ten Levels 

of l{—)-Hislidine* 


Histidine per 5 ml. 

Titration volume of 0.05 k NaOH 

Range 

Mean 

7 

ml. 

m/. 

0 

1.18-1.32 

1.24 ±0.04 

2 

2.45- 2.83 

2.62 ± 0.08 

4 

3.70- 4.03 

3.87 ±0.05 

6 

4.85- 5.12 

5.01 ±0.06 

8 

5.88- 6.21 

6.02 ±0.10 

10 

6.77- 7.49 

6.95 ±0.16 

12.5 

7.81- 8.51 

8.02 ± 0.12 

15 

8.90- 9.28 

9.09 ±0.12 

20 

10.30-11.15 

10.69 ±0.17 

25 

11.70-12.12 

11.92 ±0.12 


* 3 day incubation period. The solutions were pipetted by hand. There were 
thirteen replicate samples at each level of histidine. The total final volume of solu- 
tion was S ml. per tube. 


Table II 

Results of Assay with Leuconostoc mesenteroides P-60 of Histidine in Casein 

Hydrolysate* 


Casein per tube 

Titration volume of 0.046 

N NaOH per tube 

Histidine found 

Per tube 

Per ml. sample 

7 

ml. 

7 

7 

746 

2.82 

2.15 

2.15 

746 

2.90 

2.24 

2.24 

1492 

4.63 

4.45 

2.22 

1492 

4.78 

4.65 

2.32 

2238 

6.10 

6.45 

2.15 

2238 

6.17 

6.53 

2.18 

2984 

7.93 

8.92 

2.23 

2984 

7.58 

8.50 

2.12 

3730 

9.20 

10.65 

2.15 

3730 

9.10 

10.50 

2.12 


* An average of 2.19 y of f(-)-histidine was found per ml. of casein hydrolysate. 
The percentage of histidine in the casein uncorrected for moisture and ash was calcu- 
lated to be 2.93 per cent. It was found from sixteen comparable assays of the same 
casein hydrolysate that the histidine in casein uncorrected for moisture and ash 
ranged from 2.75 to 3.06 per cent and averaged 2.91 per cent. The average mean 
deviation from the mean at the different levels was 2.3 per cent in all a£Ea 3 's. 

In a series of five experiments, the percentages of added histidine recovered from 
casein hydrolysates ranged from 90 to 99 per cent and averaged 95.S per cent. 

the standard curv'es were satisfactorily reproducible. The precision and 
accuracy of the histidine assay data were determined by a series of experi- 











Table III 

Results of Assay with Leuconosloc mesenteroides P-60 of Histidine in Amino Acid 

Test Mixture 1* 


Amino acid mixture 
per tube 

Tjtration volume of 0.046 

N NaOH per tube 

Histidine found 

Per tube 

Per ml. sample 

7 

ml. 1 

7 

7 

575 

2.50 

1.05 

1.05 

575 

2.52 

1.07 

1.07 

1150 

3.64 

2.15 

l.OS 

1150 

3.59 

2.10 

1.05 

1725 

4.62 

3.10 

1.03 

1725 

4.67 

3.15 

1.05 

2300 

5.66 

4.08 

1.02 

2300 

5.58 

4.00 

1.00 

2875 

6.52 

4.90 

0.98 

2875 

6.68 

5.05 

1.01 


* The composition of the test mixture simulating casein was the same as that given 
in a previous paper (7) except that the mixture contained 1.74 per cent of l(-)-his- 
tidine. An average of 1 .03 y o( l{— )-histidine was found per ml. of the test solution. 
The percentage of histidine in the amino acid test mixture was calculated to be 1.60 
per cent. The percentage of histidine recovered was 103.2 per cent. In a series of 
twelve analogous experiments, the average mean deviation from the mean of the 
values at the different levels was 2.2 per cent and the recoveries of histidine ranging 
from 97.5 to 10G.2 per cent averaged 102.9 per cent. 


Table IV 

Results of Assay tvith Leuconosloc mesenteroides P-60 of Histidine in Amino Acid 

Test Mixture S* 


Amino acid mixture 
per tube 

Titration volume of 0.W6 

N NaOH per tube 

HisUdir 

Per tube 

7 

ml. 

7 

240 

2.71 

2.01 

240 

2.79 

2.10 

480 

4.20 

3.90 

480 

4.19 

3.91 

720 

5.58 

5.74 

720 

5.62 

5.76 

960 

7.07 

7.80 

960 

7.01 

7.70 

1200 

8.39 

9.50 

1200 

8.31 

9.40 


Per ml. sampit 
r 

2.01 
2.10 

1.95 

1.96 

1.91 

1.92 
1.92 
1.95 
1.90 
1.S8 


Test Mixture 

* Contained 100 mg. per 100 ml. of each of the amino acitis "sieu j of 

1 except that the mixture contained 0.83 per cent of f(— )-histidinc. pQrcentage 
1.95 y of ff—1 -histidine was found per ml, of amino acid test mixture, gj 5 

of histidine w.as calculated to be 0.81 per cent, and the histidine deviation 

per cent. In a series of nineteen analogous experiments the ^ jecoverics 

from the mean of the values at the different levels was 3.2 per cen a 
of histidine ranging from 9G.1 to 105.G per cent averaged 100.2 per c 
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ments entirely analogous to those described in earlier papers from this 
laboratorjL These data are given in Tables II to VII. 

DISCUSSION 

Histidine in Casein 

It has been found by assay with Leuconostoc mesenleroides P-60 that the 
present authors’ casein contained 2.91 per cent of histidine (uncorrected) 
and 3.12 per cent of histidine corrected for the 6.21 per cent moisture and 


Table V 

Results of Assay with Leuconostoc mesenteroides P-60 of Histidine in Silk Fibroin 

Hydrolysate* 


Silk fibroin per tube 

Titration volume of 0.046 | 
K NaOH per tube 

Histidine found 

Per tube 

Pet ml. sample 

7 

ml. 

7 

7 

404 

2.04 

1.28 

1.28 

404 

2.19 

1.45 

1.45 

808 

3.27 

2.72 

1.36 

808 

3.29 

2.74 

1.37 

1212 

4.18 

3.90 

1.30 

1212 

4.30 

4.02 

1.34 

1616 

5.10 

5.08 

1.27 

1616 

5.11 

5.10 

1.27 

2020 

6.18 

6.58 

1.32 

2020 

6.09 

6.45 

1.29 


* An average of 1.32 7 of J(— )-histidine was found per ml. of silk fibroin hydrol- 
ysate. The percentage of histidine in the silk fibroin uncorrected for moisture and 
ash was calculated to be 0.33 per cent. It was found from twelve comparable assays 
of the same silk fibroin hydrolysate that the average mean deviation from the mean 
at the different levels was 2.8 per cent and the percentages of histidine in silk fibroin 
uncorrected for moisture and ash ranged from 0.31 to 0.35 per cent and averaged 0.32 
percent. 

In a series of three experiments the percentages of added histidine recovered from 
silk fibroin hydrolysates ranged from 101.4 to 106.5 per cent and averaged 103.5 
per cent. 

0.55 per cent ash reported previously (2). At the present time it seems 
probable that this value is reasonably accurate (probably within about 5 
per cent of the true value) even though it does not agree well with some of 
the values in the literature. 

A summary of nearly all of the values for histidine in casein reported in 
the literature has been given recently by Vickery and V intemitz (9). It is 
evident from a consideration of these data that the percentages of histidine 
obtained by different modifications of the Kossel procedure are from about 
15 to 40 per cent lower and that, with one exception, the percentages ob- 
tained by colorimetric methods are from about 10 to 30 per cent higher than 
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Table VI 


ResitUs of Assay with Lcuconostoc mesenleroides P-60 of Histidine in Amino Act'd 
, Test Mixture 3* 


Amino add mixture 
per lube 

TitRiUon votume of 0.W6 

N NaOH per tube 

instidine found 

Per tube 

Per ml. sample 

y 

ml. 

y 

7 

3,126 

2.72 

1.20 

1.20 

3,126 

2.78 

1.26 

1.26 

6,252 


2.86 

1.43 

6,252 

4.53 

2.80 


9,378 


4.40 

1.47 

9,378 

6.48 

4.32 

1.44 

12,504 


5.78 

1.44 

12,504 

8.37 

5.76 

1.44 

15,630 


7.26 

1.45 

15,630 


7.35 

1.47 


* The composition of the amino acid test mixture simulating silk fibroin was the 
same as that given previously (8) except that glutamic acid (7) and lysine (S) were 
included approximately in the proportions found by the present authors. An aver- 
age of 1.40 y of f{— )-histidino was found per ml. of amino acid test mixture, the per- 
centage of histidine was calculated to be 0.045 per cent, and the histidine recovered 
was 100.2 per cent. In a series of seven analogous experiments the average mean 
deviation from the mean at the different levels was 4.0 per cent and the recoveries 
of histidine ranging from 95 to 105 per cent averaged 100 per cent. 


Table VII 

Residls of Assay with Lcuconostoc mcsentcroides P-60 of Histi h'ne Pretnpdoted front 
Casein Hydrolysate As Its Silver Salt* 


Histi disc 


aliquot 

Silver salt ppt. 

SiU’er salt filtrate 

Total 


Per ceni 

Per cent 

per cent 

A 

2.69 

0.084 

2.77 

A' 

2.65 

0.080 

2.73 

B 

2.09 

0.0S5 

2.78 

B' 

2.07 

0.054 

2.72 


H)-drctrs3U 


ftrcml 

2.74 (3.00) 
2.S0 (3.00) 


* Aliquots A and A' were not subjected to any purification treatment u 
B and B' were distilled under reduced pressure, decolorized, and tore ’ ^ g 
aliquots were brought to pH 7.4 for the precipitation of silver histidina e. 
was determined as accurately as possible with bromothymol blue in ic. 
buffer solutions checked with the aid of a Beckman pH meter. figures 

Per cent histidine refers to casein uncorrected for ash and moisture. 
in parentheses refer to per cent histidine in casein calculated to 15.4 per ce 

the value reported in this paper. The 2.84 per cent found bj jjoj. 
Koessler (10) in 1920 by colorimetric determination of histi e in ^ ]^jgj,er 
photungstic acid precipitate of the hexone bases was about per 
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than the value obtained by Hanke (11) in 1925 by colorimetric determina- 
tion of histidine in its silver salt precipitate and it is only about 9 per cent 
lower than that reported in the present experiments. 

In 1910 Van Slyke (12) found 3.1 per cent (corrected for solubility of the 
phosphotungstates) of histidine in casein (containing 15.4 per cent nitrogen) 
by his nitrogen distribution method and it was stated later (13) that there 
was no reason why fairly constant results for histidine should not be ob- 
tained. Nevertheless, values ranging from 3.4 to 3.9 per cent were reported 
subsequently by Van Slyke (14) and other investigators (7,8, 15-17) . Van 
Slyke (14) and Gortner and Sandstrom (18) recovered 90 and 96 per cent of 
histidine from mixtures containing fourteen and sixteen amino acids, respec- 
tively, but no tryptophane, while the latter authors recovered 120 per cent 
of histidine from a mixture containing trj'ptophane. It appears, therefore, 
that the percentage of histidine in casein determined bj’’ the nitrogen distri- 
bution method may be as much as 20 per cent high. The literature values 
for histidine in casein, corrected on this basis, would range from 2.7 to 3.1 
per cent. 


In 1940 Albanese (19) described a procedure in which the basic amino 
acids were first separated by electrodialj'sis from other amino acids and 
humin. Arginine was precipitated as the monoflavianate. excess flavianic 
acid was removed by electrodialysis, and histidine was precipitated as the 
mercuric chloride complex. Arginine was calculated from the weight of its 
monoflavianate, histidine from the nitrogen content of its mercuric chloride 
complex, and lysine from the nitrogen content of the final filtrate. Tests 
of the precision and accuracy of this procedure showed that about 99 per 
cent of arginine and histidine and about 97 per cent of lysine were recovered 
from a mixture containing eleven amino acids. The percentages in casein 
(containing 15.4 per cent nitrogen) of histidine (3.1), lysine (8.3), and ar- 
ginine (3.6) shown in the parentheses were nearly identical with the \alues 
for histidine given in this paper and for lysine (4) and arginine (2) reported 
previously by the present investigators. 

A nucromethod for the determination of histidine has been described 


recentl 3 ’- by Saidel and Brand (20). Histidine was precipitated from pro- 
tein hydrolysates with HgCh, the precipitate was purified and dissolved in 
HCl, and histidine wms determined by colorimetric analysis, with a spec- 
trophotometer, of the product formed by coupling with diazotized sulfanilic 
acid in the presence of sodium cyanide. Concordant standard values for 
histidine were obtained with amino acid mixtures simulating the com- 
position of several proteins and, except for | 3 -lactoglobulin, the values found 
for histidine in proteins were higher than those reported for isolation prc^ 
cedures. Casein was found to contain 2.9 per cent of histidine corrected 


for moisture and ash."^ 


' Personal communication from L. J. Saidel and E. Brand. 
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The percentage of histidine, 2.53 ± 0.09, in casein (containing 15.75 per 
cent nitrogen on an ash- and moisture-free basis) was reported recently by 
Vickery and Winternitz (9) who determined histidine as its bis-3 ,4-dichloro- 
benzenesulfonate after precipitating histidine as its silver salt from a hy- 
drochloric acid hydrolysate of the protein. This figure agreed quite welt 
udth the values (2.4 to 2.6 per cent) obtained previously by the Kossel and 
Patten procedure in which histidine was precipitated first as its silver salt 
and then as its mercuric sulfate complex. It was much higher, however, 
than the values (1.7 to 1.9 per cent) found by more recent, supposedly im- 
proved Kossel procedures. Vickery and Wintemitz concluded that “an 
accuracy of an order of somewhat better than ±3 per cent is to be antici- 
pated with samples of proteins that yield 100 mg. or more of histidine” and 
that, “On the assumption that the data from the recovery experiments are 
applicable, the figures are probably within 2 to 3 per cent of the true pro- 
portion of histidine yielded by these proteins.” It is apparent that all of 
the experimental manipulations were performed with the utmost care and 
it Is considered that the precision and accuracy of the data reported are 
higher than any attained previously by the original or any modification of 
the Kossel method. 

The experiments of Vickery and Wintemitz can be accepted as evidence 
that the histidine content of casein is not less than 2.5 per cent. If it "'6’'® 
assumed that the true histidine content of casein is 3 per cent, it would fol- 
low that the experimental procedure employed by these investigators is 
subject to some undiscovered error. The only part of the method wmc 
was not tested rigorously was the completeness of the precipitation of his- 
tidine as its silver salt. It was stated that “reliance is placed . . . upon t e 
complete insolubility of the histidine compound of silver that is formed 
the isoelectric point of histidine. No evidence has come to the attention 
the writers that suggests that this substance possesses a solubility tna 


significant in experiments on the scale of these.” . . 

It was shown by Vickery and Wintemitz that pure histidine 
recovered nearly’- quantitatively from its aqueous solution by direct crjs 
lization of the disulfonate as well as after carrying it through 
cedure of precipitation as its silver salt and isolation as the 
Recoveries of comparable accuracy obtained with filtrates from 
cipitates of histidine silver in the course of analyses of ^ 

may not be entirely dependable, however, because of the possi^ i 
appreciable quantities of histidine silver may remain in solution e\ en 


all of the added histidine were recovered. o o er cent of 

It is of interest in this connection that only from 1.8 to • P 
histidine in casein has been found by investigators (21- ) " ^ 
histidine first as its silver salt and then as its nitranilate. ^ recoveie'^ 
that 96 per cent of histidine added to a casein hydrolysa e w 
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and that from 90 to 95 per cent of histidine added to the protein prior to 
hydrolysis was usually recovered. 

The following experiment was performed to determine the extent to which 
histidine is precipitated as. its silver salt from a casein hydrolysate under 
conditions duplicating as exactly as possible those outlined by Vickery and 
Wintemitz. The acid hydrolysate from 25.159 gm. of casein- and 300 ml. 
of concentrated hydrochloric acid was accurately diluted to 500 ml. and 
silver histidinate was precipitated from four aliquots. The silver in the 
precipitates and filtrates was removed as silver chloride and the histidine 
in the original hydrolysate, the filtrates, and the hydrochloric acid solution 
obtained from the precipitates was determined microbiologically bythe 
method given in this paper. The results of this experiment are given in 
Table VII. 

The average (uncorrected) value, 2.77 per cent, for histidine in the hy- 
drolysate agrees closely with the average value, 2.75 per cent, for total 
histidine recovered from the four aliquots. It is of interest that this casein 
preparation calculated to 15.4 per cent nitrogen contained 3.0 per cent his- 
tidine, in close agreement with the percentage of histidine found in the 
casein sample referred to earlier in this paper. 

The finding that only about 3 per cent of the histidine in the casein hy- 
drolysate escaped precipitation as the silver salt appears to substantiate the 
view of Vickery and Wintemitz concerning the low solubility of silver 
histidinate at pH 7.4. On the other hand the 2.92 (corrected) per cent of 
histidine found by the present authors in the silver histidinate precipitated 
from a casein hydrolysate (calculated to 15.4 per cent nitrogen) is about 1/ 
per cent higher than the 2.50 per cent which Vickery and Wintemitz believe 
to be correct within ±3 per cent for casein containing 15.75 per cent nitro- 
gen (corrected for ash and moisture). 

At the present time it cannot be determined which of these figures for the 
percentage of histidine in casein is more nearly correct. It has been 
assumed by some investigators that differences of this magnitude may be 
accounted for on the hypothesis that casein prepared from different milk 
samples by different procedures may differ markedly in amino acid composi- 
tion. While it is true that the non-homogeneity of purified casein has been 
established by electrophoresis studies, it does not follow, necessarily, that 
the fractions contain grossl 3 '^ different percentages of anj- amino acid. 

Histidine in Silk Fibroin 

The histidine content of silk fibroin was foimd to be 0.32 per cent, un- 
corrected, and 0.34 per cent corrected for the 5.6S per cent moisture and 

’ S. M. A. vitamin-free casein containing 8.57 ± 0.03 per cent moisture, 0.93 ± 
O.Oo per cent ash, and 14.06 (14.07, 13.99, 14.13) per cent nitrogen, uncorrccted, and 
15.4 per cent nitrogen corrected for moisture and ash. 
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0.25 per cent ash reported previously (2). Abderhalden (25) found 0.75 
per cent and Vickery and Block (26) 0.06 and 0.076 per cent by modified 
Kossel procedures. It was stated by the latter authors that the figure ob- 
tained by Abderhalden probably was high, since^it was obtained by calcula- 
tion from the nitrogen content of the histidine fraction. It was assumed, 
also, that the figures reported by Vickery and Block were minimal values, 
since they were obtained by isolating and weighing histidine diflavianate. 

SUMMARY 

Casein and silk fibroin have been found to contain 3.1 and 0.34 per 
cent, respectively, of histidine by microbiological assay with Leucmosioc 
mesmteroides P-60. A preliminary study has been made of the precipita- 
tion of histidine as its silver salt at pH 7.4 from a casein hydrolysate. 
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A SIMPLIFIED HYDROGENATION TECHNIQUE FOR THE 
DETERMINATION OF BLOOD PLASMA TOCOPHEROLS* 

Bt MARY LOUISE QUAIFE axd RAYMOND BIEHLER 
(From the Laboratories of Distillation Products, Inc., Rochester, N’ew York) 

(Received for publication. May 17, 1945) 

The chemical method of Quaife and Harris* for the estimation of toco- 
pherols in blood plasma employs hydrogenation as a technique for quantita- 
tive removal of interfering vitamin A and carotenoids. However, this step 
is somewhat lengthy for routine analysis and requires equipment not 
commonly available. Accordingly, we have developed and now use a 
hydrogenator,^ to be described in this note, which shortens the time for a 
single determination of vitamin E in plasma to about 30 minutes. In 
addition, its applicability to general laboratory hydrogenation on a semi- 
micro scale is suggested and illustrated bj' results obtained with cinnamic 
acid. 

Fig. 1 shows a drawing of the apparatus. Hydrogen gas from the supply 
tank is bubbled through the alcohol in Tube A by means of the micro 
porous disperser tube. The gas, saturated with alcohol vapor, is then 
bubbled through the sample in Tube B. The exhaust gas passes through a 
pressure gage and needle valve. By means of the needle valve plus the 
pressure-regulating valve on the tank, the pressure of gas in the system can 
be maintained at any desired level. 

The revised hydrogenation step is as follows: 10 ml. of the Skellysolve 
extract of plasma are evaporated to dryness in a .50 ml. conical centrifuge 
tube and taken up in 10 ml. of ethanol. When the solution is cooled to 
room temperature, catalyst is added and stirred up thoroughly vdth a glass 
rod. The tube is clamped into position and the pressure-regulating valve 
(two-stage hydrogen reduction valve) on the tank is opened to 15 pounds. 
The needle valve, which has been closed, is now opened slightly to permit a 
rapid but smooth flow of gas. This operation is performed quickly so as 
to maintain a good suspension of catalyst. However, contact between the 
solution and the rubber joint on the gas delivery tube must be prevented, 
since ethanol extracts impurities which affect the Emmerie-Engel reagent. 
After the reduction has proceeded 1 minute, the hydrogen tank valve is 
closed, atmospheric pressure is restored by gradual opening of the needle 

* Communication No. 71 from the Laboratories of Distillation Products, Inc. 

* Quaife, M. L., and Harris. P. L., J. Biol. Chcm., 166, 499 (1944). 

* Available through the Vacuum Equipment Division, Distillation Products, Inc . 
Rochester 13, New York. 
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It was found that the hydrogenated extract tends to be unstable, espe- 
cially to air, intense hght, heat, and continued contact with the activated 
catalyst. Accordingly, a series of six samples is the suggested number to 
be hydrogenated successively,® followed immediately by centrifugation 
and completion of the analysis. 

Since this new step utilizes one piece of glassware for solvent transfer, 
hydrogenation, and separation of catalyst, loss of the solution is minimized 
and it is easy to obtain the 8 ml. aliquot needed for the Emmerie and Engel 
color reaction. 

By the technique outlined above, solutions of crystalline carotene in 
ethanol were hydrogenated and found to give no reduction of the Emmerie- 
Engel reagent. The concentration of carotene was greater than would 
be provided by an original concentration of 1000 -y per 100 ml. of plasma. 
Further trials showed that saturated solutions of carotene in ethanol are 
completely decolorized by this procedure. 

Solutions of pure a-tocopherol in ethanol, comparable to a plasma level 
of 1.08 mg. per cent, were hydrogenated similarly and assayed. Average 
recovery for six samples was 97.8 per cent. Finally, six human plasma 
samples were analyzed in duplicate by both old and new hydrogenation 
steps. Good agreement was shown in values for plasma vitamin E ob- 
tained by the two techniques. The average difference was ±1.3 per cent. 

Aside from its use in the procedure for determining tocopherol in plasma, 
the apparatus may be adapted for general laboratory' hydrogenations. 
For example, cinnamic acid was hydrogenated and the progress followed by 
ultraviolet spectrophotometry.* The absorption peak at about 274 mii 
disappears with conversion to dihydrocinnamic acid. In one experiment 1 
gm. samples of cinnamic acid dissolved in 10 ml. of ethanol were hydro- 
genated for 10 minutes, according to the technique described, to an extent 
of about 53 per cent at 0 pounds pressure, 77 per cent at 15 pounds pressure, 
and 91 per cent at 30 pounds pressure (see Fig. 2). Apparently the degree 
of hydrogenation is increased as the pressure is increased. Complete 
reduction can be achieved by using longer hydrogenation times. 

STOBIAKY 

An apparatus suitable for hydrogenation on a semimicro scale is 
described. By its use the Quaife and Harris procedure* for analysis of 
blood plasma vit amin E is simplified and shortened. Application of the 
apparatus to general laboratory' hydrogenation is suggested and illustrated. 

* Clean disperser tubes are used for each hydrogenation. They may be reused 
after an aeetone wash, followed bj' air drying. When the pores of the disperser tubes 
become clogged on prolonged use, they should be discarded. 

^ An Adam Hilger medium quartz spectrograph with a Spekker photometer was 
used. 




POLAROGRAPHIC STUDIES OF PROTEINS AND THEIR 
DEGRADATION PRODUCTS 

I. THE 'TROTEIK INDEX” 

By otto H. MPLLER* and JOHN STAIGE DAVIS, Jr. 

(From the Department of Anatomy, Cornell University Hfedical College, N'ew York City) 
(Received for publication, May 7, 1945) 

In 1933, Brdicka (1) discovered that proteins and polj-peptides contain- 
ing cystine or cysteine, when dissolved in a suitably buffered cobalt solu- 
tion, produce a catalytic reaction during electrolysis at the dropping 
mercury electrode. This observation became of clinical importance when 
analyses of blood sera of normal individualsandof persons suffering from can- 
cer revealed significant differences in the height of the polarographic waves 
resulting from these reactions (2, 3). Like many other tests, the polaro- 
graphic cancer test unfortunately was not specific; numerous subsequent 
investigations have demonstrated that serum or plasma proteins in many 
diseases besides cancer will give abnormal polarographic waves and that 
occasionally even blood of a person with a malignant disease will fail to be 
polarographically different from that of a normal individual. Variations 
and modifications of the original procedure of Brdicka so far have failed 
to improve this condition significantly, but the polarographic protein test 
has nevertheless proved of value for the study of disease in general. 

We were interested in applying this polarographic technique to a study 
of rheumatoid arthritis and similar diseases and tried out several of the 
tests proposed by Brdicka. Since all of these are empirical, a comparison 
of the results is impossible unless the experimental conditions are absolutely 
identical. As a basis of reference, therefore, a “nomial” blood must be 
analyzed simultaneously with each series of unknowns; appreciable varia- 
tions in the “normals” make this basis rather uncertain. To overcome 
these difficulties, we developed a new method of expressing the results of 
such studies, the protein index. 

The new method is simple and is applicable to routine blood analyses; 
it is especially designed to avoid the need for rigid temperature control and 
calibrations of the dropping mercury electrode. One merely determines 
the ratio of the wave heights obtained in two widely differing empirical 
tests made on the same blood with the same dropping mercury electrode 
under identical eiqierimental conditions. After multipljing this ratio by 
an arbitrary factor, one obtains values which we have called the protein 

* Present address. Department of Physiology and Pharmacology, University of 
Nebraska, College of Medicine, Omaha 5, Nebraska. 
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aonormal blood ivhich are usually m opposite directions the resultmc 
index magnifies these deviations from the normal and thus improves the 
seositmly of tte .nalysis. It .toll bo shob-n in this paperlLTSS the 

»»<i abnomol bloods, tie index valnes an, b!l 
little influenced by the usual variations in “room” temperature and bv 

™ elSdo T' ‘’’a ““ ““ ‘>">f a" 

Seta iX Id .r '’■a'a'tPriae a given Mood bj its 

a standard Vo ' ? doantitative expression of ite deviation from 

papers in whioli ^ of some animals will be discussed in subsequent 

of time TTi" remarkably constant over long periods 

neons nnel eliminates the necessity of simulta- 

neous analyses of a “normal” with an unknovm blood. 

studSs ?! applicability of the protein index, the 

waves hrm x! ® o drop time and drop size on the catalytic protein 
AswHItheoif ? ^®^ationship which had not been recognized before, 
of eb a Ti tr o' j ^ of these waves is practically independent 

. ., ® ^'■^P °f a given electrode but seems to be proportional 

tbo ^ drops or to the two-thirds power of the radius of 

the capillary onfice. 


Oeterminatwn of Protein Index 

, used in determimng the protein index iue modifications 

some o r idka s procedures (2-4). To distinguish them readily, ive 
ve ca e hem digest and filtrate tests respectively. The possibility of 
urther retoement in these tests is anticipated, but should not alter the 
value ot the pnnciple of measurement which is proposed in this and sub- 
sequen jmpers. We rigidly adhered to the following procedures. 

Ripest Test— To 0.50 cc. of oxalated plasma are added 0.50 cc. of water 
and 0-25 cc. of 1.0 n potassium hydroxide. This solution is thoroughly 
mixe and left standing at room temperature for 30 minutes. Then 0.05 
cc. of the alkaline digest is added to 10.0 cc. of a buffered cobalt solution 
an polarographed immediately in an open beaker, starting at —0.8 volt 
versus the saturated calomel electrode. The buffered cobalt solution 
must be freshly prepared and consist of 1.6 X 10 ~’ m cobaltous chloride, 
0.1 N ammonium chloride, and 0.1 n ammonium hydroxide (care must be 
taken to add the ammonium hydroxide last, to prevent precipitation of 
some of the cobalt). 

Filtrate Test ^To 0.50 cc. of o.xalated plasma are added 1.00 cc. of water 
and 0.10 cc. of 1.0 n potassium hydroxide. After this has stood for 30 
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minutes at room temperature, 1.00 cc. of 20 per cent sulfosalicylic acid is 
added and the mixture is vigorously shaken. Exactly 10 minutes after the 
addition of the protein precipitant, the suspension is poured through a 
Whatman No. 5 filter paper (5.5 cm. in diameter). The resulting clear 
filtrate is fairly stable and can be analyzed when convenient. 0.50 cc. of 
this filtrate is added to 5.0 cc. of a solution consisting of 0.001 m hexam- 
monium cobaltic chloride, 0.1 n ammonium chloride, and 0.8 n ammonium 
hydroxide. (Because of the volatility of the ammonia, the latter solution 
must be kept in a well stoppered bottle and should be pipetted but a few 
minutes before the filtrate is added.) The mixture is polarographed im- 
mediately, in an open beaker, starting at —0.8 volt (versus the saturated 
calomel electrode). 

In the digest test, as a rule, the height of the catalytic wave becomes 
smaller the greater the deviation of the blood from “normal,” while the 
opposite is true for the filtrate test. In our new method, the wave height 
obtained in the filtrate test is dmded by that found in the digest test for 
the same blood sample under identical experimental conditions. This 
ratio, multiplied by a suitable factor, gives us the protein index which is used 
to compare different blood samples; it becomes larger the greater the 
deviation of the blood from normal. 

The purpose of multiplying the ratio by a factor is to get whole numbers 
for the protein index, starting with unity for the lowest “normal” value. 
This factor is 15 if the wave heights are expressed in microamperes or, as 
read directly off the polarogram, if they are expressed in mm. and the 
galvanometer sensitivities used in the two tests are the same. However, 
if the filtrate wave is recorded at a higher galvanometer sensitivity than the 
digest wave, as is more often the case, the factor will include a correction 
for this difference in sensitivity and be smaller (e.g., if the digest wave is 
taken at 1/150 and the filtrate wave at 1/100 of maximum galvanometer 
sensitivity, the factor is 10). 

To illustrate this method, a polarogram showing both digest and filtrate 
tests of three sufiBciently different plasmas is reproduced in Fig. 1. This 
and all other polarograms were recorded vith a Heyrovsky-Shikata polaro- 
graph, Nejedly’s model VIII. The galvanometer used had a majdmum 
sensitivity of 2.1 X 10"® amperes per mm. at 1 meter. A saturated calomel 
half-cell served as a non-polarizable electrode ; it was connected to the test 
solutions by means of potassium chloride and potassium nitrate agar 
bridges.* 

The first wave in each of the curves of Fig. 1 is due to the reduction of 
cobalt, which results in a steep maximum in the absence of a majdmum sup- 

' For a discussion of the principles of polarography and of the terms used see the 
monographs of Heyrovsky (5), Kolthoff and Lingane (6), and Muller (7). 
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pressor (], 5-7). The presence of protein in the digests fully suppresses 
this maximum and leads to a short horizontal portion in the curve which 
can be used as a convenient base-line for measuring the height of the pro- 
tein double wave which follows (see Curves A, B, C, Fig. 1). The protein 
degradation products left in the filtrate are less effective in suppressing 
maxima; only when they are present in relatively high concentrations do 
they suppress the cobalt maximum entirely (compare Curve a, Fig. 1, 
ivith Curves b and c). Since this situation is rare and no other satis- 
factory suppressor for this maximum is knoum,^ we have used as a base-line 
the height of the cobalt wave found with the test solution in the absence of 
filtrate (not showm in Fig. 1). The wave heights of the double wave are 
then measured always to the second peak of this wave. 



Fig. 1. Polarogram showing digest curves (capital letters) and filtrate curves 
(lower case letters) of plasmas from (a) a dog with severe infection, (6) adogwi i 
mild infection, and (c) a normal human being. 


It may be seen from Fig. 1 that the smallest digest wave (Curve ) « 
obtained with the plasma which gives the largest filtrate wave 
while the largest digest wave (Curve C) corresponds to the smallest ffl ra^c 
wave (Curve c). Since the galvanometer sensitivities used in this 
were 1 /150 and 1/100, the ratio of filtrate to digest wave must be roultip 
by 10, to give the follorving protein indexes: (o) = 17.8, (b) = 7.4, (c 
2.4. These results are significant to the first decimal when the expe 


= Winzlcr, Burk, and Hesselbach (8) used caffeine to “suppress ^gen a 
maxima’’ in a solution very similar to the filtrate test solution. We 
mend this procedure because (a) there is no need to suppress the o:^gen 
(&) in the concentrations used, caffeine not only lacks any effect on e °° 
mum but may actually suppress the double wave, and (c) at higher jj 

the caffeine defim'tely suppresses the doable wave, while the cobal maxi 
slightly affected. 
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mental conditions are sufficiently constant. It will now be shovTi that 
such values are still good to the nearest whole number during small fluctua- 
tions of the room temperature and when obtained with capillaries of differ- 
ing characteristics. Classification of different bloods by whole numbers is 
quite adequate at present, since in our experience the protein indexes ma}- 
range from 1 to 4 for “normal” and up to 20 for abnormal human plasmas. 

Effect of Temperature 

Because a catalytic reaction is involved, the effect of temperature on the 
douhle wave is unusual, and its careful study may contribute significantlj'' 
to an understanding of this reaction (9). However, the instability, espe- 
cially at elevated temperatures, of both the proteins and the test solutions 
in which they are examined renders such an investigation extremely diffi- 
cult. For purposes of orientation, we have made some crude experiments 
which seem adequate for indicating the magnitude of the errors involved 
in insufficient temperature control. 

In Figs. 2 and 3 are reproduced typical polarograms of the digest and 
filtrate tests, respectively. Each solution was kept in a small open beaker, 
partially immersed in water contained in a larger vessel. The temperature 
of this water bath could be changed quickly and the curves were recorded 
as soon as the temperature of the test solution was within 1° of that of the 
bath. In spite of all haste, about an hour elapsed between the recording 
of the first (at the lowest temperature) and the last curve, during which time 
the solution had altered considerably. To get a notion of the magnitude 
of this change, each solution had been analyzed immediately before this 
experiment at room temperature (25°). 

As may be seen from Figs. 2 and 3, the most pronounced effect of tem- 
perature is on the first component of the double wave. At lower tempera- 
tures, this wave decreases out of proportion to the rest of the waves and 
seems to disappear entirely in the filtrate test at 1°. On the other hand, 
we have found that at temperatures above 30° the first portion of the 
double wave in the filtrate test becomes even larger than the second portion. 
Since the first cataljdic wave can be made to overlap with the second in 
the digest test by a 10-fold increase in the ammonium hj'droxide concen- 
tration of the test solution, we feel that this first cataljdic wave is largely 
controlled by the activity of free ammonia in the solution which is increased 
at higher temperatures. 

Fortunately temperature has a much smaller effect on the second portion 
of the double wave which we measure to get the protein index. Inspection 
of Figs. 2 and 3 reveals that the height of this wave shows a consistent in- 
crease irith temperature in the digest test, while in the filtrate test a definite 
increase vdth temperature below 16° is followed by a decrease in the wave 
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height above this temperature. Unquestionabl3' most of this decrease is 
caused bj’ decomposition of the solution; the fact that the wave cannot be 
further increased bj- a rise in temperature suggests that the final rate- 
limiting reaction must be independent of temperature. By comparing 
appropriate cur\'es of these polarograms nith those obtained in the pre- 



Fig. 2. Polarogram showing the effect of temperature on digest curves of nornisi 
human plasma. 



from a patient with carcinoma. 


liminarjf runs earned out at 25 °, we were able to ascertain that le 
wave had decreased 5.3 per cent and the filtrate wave 14.3 per cen 
the time that these curves were recorded. The greater 
filtrate wave is caused bj' the more rapid loss of ammonia rom 
concentrated solution at higher temperatures. -ariaf ions in 

In order to get an idea about the magnitude of the enec o ' 
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room temperature on the protein index we had to make a number of crude 
approximations. First, we corrected the wave heights observed between 
16-32° to the most reasonable figures based on the measured decomposition 
at 25°. Then we calculated the protein index, multiplying the ratio of 
filtrate to digest by 15. Although the plasmas and the dropping mercury 
electrodes used in the two tests were not the same, this procedure is justi- 
fiable because the values thus obtained approximate the highest ever ob- 
served by us in actual analyses of human plasmas, and thus permit us to 
estimate the temperature effects when they are largest. The data involved 
in these calculations are showm in Table I. From these it can be seen that 
higher indexes may be expected at lower temperatures, and that a range of 
room temperatures from 21-26° could cause deviations as high as two units 


Table I 

Effect of Temperature on the Protein Index 
Data from Figs. 2 and 3. 


Temperature 

Wave height 

Ratio, 
filtrate 
digest 1 

Protein index 

Observed ^ 

1 Corrected 

Digest 

TiMtale 


yiVlraVt 

•c. 

mm. 

mm. 

mm. 

mm. 



16 


50.8 

34.5 

52.7 

15 

23 

18 

33.0 






20 


47.5 





21 



36.0 

51.6 

14 

21 

22 

35.5 






25 


43.2 



1 


26 

37.4 


39.5 

50.0 

13 

19 

30 


38.2 





31 



42. T 

48.5 

11 

17 

32 

40.0 





1 


in the protein index if the latter has a value of about 20. This deiiation 
obviously is less when the protein index is smaller and it is furthermore 
counteracted by an opposite effect of temperature on the speed of denatura- 
tion of the proteins in an alkaline solution. For instance, identical solu- 
tions of plasma plus potassium hydroxide, when left standing for 30 minutes 
each at 5°, 14°, 26°, and 37.5°, and then added to a cobalt buffer at 26° and 
polarographed, gave protein double waves which were 54. i, 54.4, 46.6, and 
39.5 mm., respectively, in height. This balancing of temperature effects 
could be further demonstrated on a human plasma with a high protein 
inde.x, which was analyzed on two different days at room temperatures of 
23° and 26°. The wave heights obtained in the filtrate and digest tests 
were 75.6 and 68.2 mm. at 23° and 75.5 and 67.8 mm. at 26°. Multiplying 
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the filtrate to digest ratios by 10, one gets index values of 11,10 and 11.12 
respectively. We may conclude, therefore, that small Jluclmtions in mm 
icmpcraimc do not affect the values of the protein index significantly. 

Effect of Drop Time and Drop Size of the Dropping Mercury Electrode 

The efi'ect of concentration of the reacting material and of the drop time 
and drop size of the electrode on the diffusion current, obtained during the 
direct reduction of electroactive material, can be predicted from the Ilko- 
vic equation ( 10 ). Unfortunately, this equation is not applicable to 
catalytic currents of the 13^10 observed in these protein reactions. Brdiika 
\, 11 ) was able to derive an equation, based on Langmuir’s adsorption iso- 
therm, which expressed fairly well the relationship between catai}’tic 
current and concentration. HoAvever, the determination of the three 
constants contained in this equation is so complicated and time-consuming 
that it is out of the question for routine work. Experiments carried out 
in this laboratory have shorm furthermore that these constants var}' with 
different plasmas and proteins and with different experimental conditions 
«ee also Brdicka (11) and Heyrovsk^" ( 5 )). 

There are no quantitative data in the literature concerning the effect of 
drop time and drop size on the height of the catalytic protein wave. This 
problem was consequent studied in some detail. To illustrate the re- 
sults by a typical example, two polarograms have been reproduced in Fig. 
4 . They show a digest and a filtrate test of the same human plasma, ob- 
tained with two different dropping mercur}' electrodes under varying 
pressures. The evaluation of these cunms and the calculations based 
thereon are given in Table II. These data are uncorreoted for the in- 
evitable deterioration of the solutions with time (it took 30 and 40 minutes 
to prepare the two polarograms), the magnitude of which again ivas ascer- 
tained by a suitable preliminaiy experiment. The filtrate curves wem 
recorded, starting with an applied voltage of zero {versus the saturate 
calomel electrode) instead of —0.8 volt, so that the second step i" ^ 
reduction of the trivalent cobalt (at —1.0 volt) could be measured m 
greater certainty; the first step in this reduction is masked by the oxygen 
maximum (at —0.1 volt) with which it overlaps. , 

All currents were measured in two different ways indicated on some 
the emwes of Fig. 4 (to preseiwe the clarity of the polarograms, t f 
heights are not drawn in for ail of the cuiwes). The results are 
Table II. We first followed the customary^ procedure of evalua 
protein waves; namely, measuring the maximum of the galvanome era 
sions as in Fig. 4 , Curv'e a. Since measurement of the average 0 
vanometer oscillations has yielded the theoretically roost 
values when regular diffusion currents are involved (12), the ciirrcn 
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also measured in this fashion (see Fig. 4, Curve e). To distinguish the 
data, values obtained by the latter method are given in bold-faced t3T)e 
in Table II. The accuracy of these measurements is somewhat less than 
that customary in determining diffusion currents, mainly because of un- 
certainties about the complete suppression of the cobalt wave in the filtrate 
test. However, the residts are sufficiently consistent in themselves and 



Fig. 4. Polarograms showing the effect of drop time and drop size on digest and 
filtrate curves of plasma from a patient with carcinoma. (The experimental data are 
given in Table II.) 

agree with other similar deteiminations well enough to warrant a careful 
scrutiny. 

As has been shown by Muller (13), the following two constants fully 
characterize a given capillarj-; p, the radius of the capillary orifice and k, 
the capillary constant (the pressure of mercury’, in cm., necessary to force 
1 mg. of mercury through the capfilary per second). These constants were 
determined for the two capillaries used in the preparation of Fig. 4, and are 
given in Table II. ICnowing p, we were able to calculate the back pressure 
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(13) and thus correct the apparent pressures listed in Table II. The cor- 
rected pressures, divided by k, then give us the values for m, the flow of 
mercury in mg. per second (13). 


Table II 

Effect of Drop Time and Drop Size on Digest and Filtrate TTai'es and on Protein Digest 
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delay and excess deterioration of the solutions during the recording. The 
values thus obtained were almost identical for different digests and filtrates, 
but were significantly smaller than in the pure cobalt buSers, thus illustrat- 
ing the presence of surface-active material (5-7). Hence, it is not strictly 
correct to use the cobalt wave height in the pure solution as a base-line 
for the double wave, as we have done; yet it is the best method available 
because the error produced thereby is constant and does not affect our 
results. 

In looking over the polarograms of Fig. 4 and the data of Table II, one 
can see clearly that lowering the pressure on a given electrode produces a 
definite decrease in the cobalt wave, while it has practically no effect on 
the height of the double wave. On the other hand, a change from the 
faster to the slower electrode may cause very little alteration of the cobalt 
wave height but may reduce the height of the catalytic wave b5’' almost 
one-half. 

In spite of these marked differences in the catalytic currents observed 
with the two electrodes and in spite of the wide range of drop times em- 
ployed, we find that the protein index (obtained by multiplying the filtrate 
to digest ratio by 10) is altered very little. There seems to be no advantage 
in using average rather than maximum galvanometer deflections, and we 
recommend continuation of the latter simpler method of measuring cata- 
lytic currents. 

The tendency towards larger index values with an increased drop time 
is real, since it becomes more pronounced if we correct for the deterioration 
of the solution. The preliminary analysis made with Capillary 2 at an 
apparent pressure of 74 cm. gave filtrate and digest waves 37.8 and 
33.9 mm., respectively, in height, yielding a value of 11.1 for the protein 
index. This agrees verj' well with that found in the first analysis made 
■with Capillary 1 (Curve a), but it is 0.6 unit higher than the corresponding 
wave made about 20 minutes later with Capillarj' 2 (Cun'e f). Hence, 
it is probable that the protein index of Curve c would be about 12.5 if the 
solution had not deteriorated. This shows that we maj' e.xpect errors in a 
protein index of this magnitude amounting to a whole unit when verj* slow 
capillaries are used. Similar experiments have proved that this error is 
smaller when the protein index has a lower value, and that it is negligible 
at drop times of 1.5 seconds. Thus we are led to conclude that the protein 
index is practically independent of the capillary characteristics as long as 
the drop time remains between 1.5 and 3.5 seconds. 

Table II further illustrates that the changes in the height of the cobalt 
wave are tj'pical of a regular diffusion current; the ratio between the •nave 
height and the quantity is fairly constant, as required by the IlkoviC 

equation (10). It may be further noted that this agreement vith the 
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Ilkovifi equation is better when the average galvanometer deflections are 
measured (12). 

The fact that changes in drop time of a given electrode have such little 
effect on the double wave suggested that the surface area of the mercury 
drop is the determining factor, since this remains practically uninfluenced 
by pressure changes on the capillary (5-7). This surface area, A, may 
be related to IF, the weight of the drop, or to the product of m, the rate of 
flow of mercury, and t, the drop time, or to p, the radius of the capillary 
orifice (13), by the follorving equations, 

A = fc.TF2/> = = h- ( y j -p''* 

where fc is a proportionality constant, <r is the surface tension of mercury 
in dynes per cm. and g is the acceleration of gravity. As may be seen from 
Table II, the double wave to ratio is approximately constant, thus 

providing the means for a comparison of the catalytic protein waves when 
obtained with different electrodes. 

If we neglect small changes in surface tension, we can also use the ratio 
of the double wave to for this purpose (see Table II). As has been 
pointed out earlier in this paper, the drop time varied but little in a number 
of different filtrates or digests ; consequently, surface tension of the mercuiyi 
•”hich is a factor determining this drop time (13), must also remain prao- 
•■fly constant. Thus a knowledge of p is sufficient to make po^ible a 
I comparison of double waves obtained with electrodes of differen 
aracteristics. 


SUMMARY 

The protein index is proposed as a convenient method of characterising 
and comparing polarographic results obtained with blood proteins an 
their degradation products during reduction in a buffered cobalt solufma- 
It represents the ratio of the two wave heights obtained in the filtrate an 
the digest tests, multiplied by a suitable factor. The protein index is 
practically independent of small variations in room temperature an ^ 
considerable changes in the drop time and drop size of the dropping 
electrode, and thus is especially well suited for routine analysis o 
proteins. 

The height of the protein double wave is little influenced by 
in the drop time of a given electrode, and it is approximately piopo 
to the surface area of the mercury drops or to the two-thirds pover o 
radius of the capillary orifice. 
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SPECTROPHOTOMETRIC STUDY OF A NEW COLORIMETRIC 
REACTION OF VITAMIN A* 

Bt albert E. SOBEL and HAROLD WERBIN 
(From Ike Pediatric Research Laboratory, The Jewish Hospital of Brooklyn, New York) 
(Received for publication, February 2, 1945) 

This paper deals with a new colorimetric reaction of vitamin A vith 
glycerol 1,3-dichlorohydiin (which vre henceforth toII refer to as GDll) 
that appears to be suitable for the quantitative estimation of this vitamin. 

The estimation of vitamin A in vitro has been the subject of many re- 
views in recent years (1-6). The two tvidely used methods at present 
are the ultra\’iolet absorption at 325 to 328 mp, and the determination of 
the maximum absorption at 615 to 620 mp of the blue color formed on the 
addition of a solution of antimony trichloride in chloroform to the vitamin 
in the same solvent (Carr-Price reaction). 

One disadvantage of the ultraviolet method is that there are substances 
in natural products other than vitamin A which absorb at around 328 mp 
(7). Another drawback of the method is the need for expensive equip- 
ment. 

The Carr-Price reaction does not require expensive equipment and is 
more specific for vitamin A (8). Its disadvantages are the rapidity with 
which the maximum absorption must be read, oiving to the fading of the 
color, and the instability of the reagent. 

The new colorimetric reaction reported herein possesses the same ad- 
vantages that the Carr-Price reaction has over the ultraviolet absorption 
method, and in addition possesses the folio-wing advantages over the Carr- 
Price reaction. (1) The stability of the color produced permits its meas- 
urement -with ease any time from 2 to 10 minutes after the reagents are 
mixed. (We have even been able to measure the color in a visual colorim- 
eter.) (2) The reagent employed is stable. It is not affected by traces 
of moisture and leaves no film which might interfere in the absorption of the 
colored solution. The disadvantage of the new reaction is that the ex- 
tinction coefficient' (Lj^., A 550 mp) of the color produced is about one- 
fourth that of the antimony trichloride blue color (Li^.i I*- 615 him)- 

* This study was aided by a grant from the United Hospital Fund of the city of 
Greater New York. Presented before the American Society of Biological Chemists 
(Federation Proc., 4, 104 (1945)). 

' The term Lj introduced by Dann and Evelyn (9) for use in photoelectric 
colorimeters which employ a band of light of about 30 to 40 mp wide, has been used 
by many authors (10-12). The term is analogous to , the latter being used 
with those instruments which employ monochromatic light. In this paper, to the 

6S1 
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The reagent used in the authors’ reaction is the practical grade of GDH 
obtained from the Eastman Kodak Company. The keeping of this reagent 
requires no special precautions. One simply uses it as it comes from the 
bottle. 

Upon the addition of this reagent to a solution of vitamin A in chloro- 
form, an immediate blue color appears which rapidly changes into a more 
stable color resembling a dilute solution of potassium permanganate. 

Pig. 1 shows the absorption curve of the immediate blue color. The 
absorption maximum is at 625 m/i. The shape of the curve is similar to the 



500 550 600 650 TOO 

WAVE LENGTH IN MJl 

Fig. 1. .Absorption curve of the immediate blue color produced by vitamin A aail 
glycerol 1,3-dichlorohydrin. The solution contained 33.84 i.u. of vitamin in S.Omi- 
of solution. 

one obtained rvith antimony trichloride and vitamin A, but is not identical 
to it. The blue color formed with GDH appears to obey Beer’s law np 
33 i.u. of vitamin A in 5.0 ml. of solution, but a complete study vas no 
made of this point in view of the stability of the second color formed. ^ 
Fig. 2 shows the absorption spectrum of the violet color develope 
minutes after the reagents were mixed. The maximum absoiption^o®^ 

authors’ knowledge, , has been used for the first time with data obtamed o ^ 
Coleman model 11 spectrophotometer because, although it is construct® 
diffraction grating rather than a light filter, it has a wave band of light 35 m;i - 
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Fig. 2. Absorption curve of the violet color produced by vitamin A and glycerol 
1,3-dichlorohydrin at the end of 2 minutes. The solution contained 16.92 i.v. of 
vitamin in o.O ml. of solution. 



Fig. 3. Time curve of the changes in at 550 m;i of the colors produced by G.7C 
7 of vitamin A and 60.08 y of carotene (90 per cent of and 10 per cent of a-) with 
glycerol 1,3-dichlorohydrin at 25°. The total volume of reaction mixture in each 
case was 5.0 ml. 
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centration at 550 absorption and con- 

i.tr. of vitamin A in 5.0 ml of caIi +• ^ concentration of 25 

is slightly less than that to be expected from'S absoiption 

penmental conditions we emploveT th cx- 

obeyed Beer's law up to a 00 ^^^!^%*^ antimony trichloride 
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1385. The L - “mediate blue color at 625 mp with GDH was 

3900. This comA ° ^med at 615 mp -with antimony trichloride wa' 
vitamin A (12). ^^2 m/r of 3880 for crystalline 

colorimetric ®“^®*^nnces found in fish liver oils upon the new 

determined with rnw ^ A content of several fish liver oils was 

sented in Table T Tn • ^^*'““3' trichloride. The results are pre- 
procednrp'^ fnr ^ antimony trichloride method is one of the accepted 

Oser eiTfS^th '^itamin A in fish liver oils, and according M 

level bioassnv closer agreement with those by the multiple 

method in the ultravloLt'^^^^ obtained by the direct spectwphotometnc 
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Tlie agreement between the GDH and antimony trichloride methods is 
close. That the values obtained do not coincide may be ascribed to the 
differences in the interference upon the colors produced by the two reagents 
vith vitamin A caused by the other components of the oil. A more ex- 
haustive study will be undertaken in order to determine which method is 
more specific for vitamin A. 

The values, X 650 m/n, for vitamins Dj and Di, ergosterol, 7-de- 
hydrocholesterol, and cholesterol, after 15 minutes, otherudse the conditions 
being the same as in the estimation of vitamin A, were 11.28, 5.96, 1.13, 
0.08, and 0.00 respectively. These values (obtained from Sobel, Mayer, 
and Kramer (15)) at 2 minutes (the time recommended for the development 

Table I 


Comparison of Vitamin A Values Obtained on Fish Liver Oils by Glycerol 
1 ,S-Dichlorohydrin and SbCh Methods 
The values are expressed as international units of vitamin A per gm of oil. 


Type of oil 

Glycerol 1,3' 
dtchlorohydnn 

SbCli 

\ e '^° 1 X 120001 
at 328 nut* 

Oil 1, whole . 

24,200 

27,000 

28,200 

“ 1, unsaponifiable fractionf 

24,000 

25,000 


“ 2, whole. . 

8,070 

8,240 

10,200 

“ 2, unsaponifiable fractionf 

8,040 

7,370 


“ 3, whole . 

36,500 

37,100 

44,000 

“ 5. “ ... 

73,300 

74,900 

85,000 

Concentrated Oil GJ 

1,285,000 

1,204,000 

1,240,000 

“ “ It 

1,013,000 

973,000 

1,035,000 

“ ■■ Jt . . 

1,802,000 

1,659,000 

1,705,000 

“ “ Ht 

1,841,000 

1,616,000 

1,710,000 


* Determined by Dr. Oscar Gawron at the International Vitamin Corporation, 
t Saponified according to the procedure of Oser, Melnick, and Pader (13). 
t Unsaponifiable fraction obtained by the commercial saponification process of 
the International Vitamin Corporation (14). 

of the color tvith vitamin A) are less than one-third of those at 15 minutes. 
Thus the interference of vitamin D and related sterols upon the GDH reac- 
tion is negligible. 

The stability of the violet color produced by vitamin A and GDH sug- 
gested the possibility of employing the visual method in the estimation of 
the vitamin. Such a method would be useful in the field or in those labora- 
tories where a spectrophotometer is not available. Solutions containing 
1.26, 2.14, 3.54, and 4.04 i.u. of vitamin A in 1 ml. of reaction mixture were 
compared against a standard of 2.64 i.u. of vitamin A with the micro cups 
of the Bausch and Lomb xdsual colorimeter. The values calculated from 
the readings were 1.06, 2.12, 3.18, and 4.44 i.u. of vitamin A, respectively. 
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In many natural products such as food and blood, carotene is often found 
nith vitamin A and interferes in its colorimetric estimation. At present 
the most ividely used method of evaluating this interference is that of Dann 
and Evelyn (9) which consists in reading the absorption of the yellow solu- 
tion of carotene and vitamin A at 440 m/a before the addition of antimony 
trichloride, thereby determining the amount of carotene present from n 
calibration curve, and subtracting from the maximum absorption obtained 
rrith antimony trichloride the absorption that the amount of carotene 
found would give with the reagent. 

Another method has recently been proposed by Urban, Milder, and 
Car-ruthers (16) by which vitamin A and carotene are determined mutually 
and independently' by means of a special photoelectric colorimeter that 
splits the beam of light emerging from a solution of vitamin A and antimony 
trichloride into two, one passing through a 589 mp filter measuring ^-caro- 
tene at 0°, and the other passing through a 620 m/r filter measuring vitamin 
A. No data are given to substantiate the claim. 

The reaction of carotene nith GDH was investigated under the same 
conditions by which the violet color with \itamin A w'as obtained. 
the addition of the reagent to a mixture of a- and /8-carotene (U9) j’' 
chloroform, a green color appears within 2 minutes. Kg. 5 shows the so- 
soiption of the color at the end of 6 minutes. Two maxims were o - 
served, one at 475 m/i and a second at 625 m/u, as w'ell as one nunimum a 
550 m/j. This minimum coincides with the maximum for vitarain A, 'wm e 
the other maxima are almost at the minima for the vitamin. 

Fig. 3 shows the relationship between the absorption of the green co or 
at 550 mp and time. It is constant at from 6 to 15 minutes, ^ 

The relationship between the concentration of carotene and 1 g ® 
sorption at 550 m/n obey's Beer’s law. This is shown in Fig. 6. This 
length was chosen in order that w'e might be able to correct for the presen 
of carotene in the determination of vitamin A. 

The next study made w'as a comparison of the interference o 
upon the re .o-tion of vitamin A with GDH and with antimony tnc on 
1 ml. of vflloroform containing 18.53 i.u. of vitamin A and known i 
inents of carotene w'as used in this study. The results are presen 
Table II. 6 minutes w'ere chosen in tha GDH reaction ^’ocauM a 
time both the vitamin A and carotene colors are stable (see Fig. )• . 
the last column of Table II, it can be seen that in the antimony tnc ^ ^ ^ 
reaction the color due to 1 t of carotene is equivalent to 
of vitamin A, w’hereas in the GDH reaction the color due to 
amount of carotene is equivalent to about 0.49 J.v. of vitamin ^ 

It seemed likely (see Fig. 3) that the interference of been 

reaction would have been much less had a shorter penod o 



A. E. SOBEE AND H. ‘WERBIN 


687 



Fio. 6. Absorption curve of the green color produced by carotene (90 per cent of 
P- and 10 per cent of a-) and glycerol 1,3-dichlorohydrin. The solution contained 
122.6 y in S.O ml. of solution. 



Fig. 6. Relationship between absorption at 550 mit and the carotene (90 pf 
P- and 10 per cent of a-) concentration. 
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taken before the maximum absorption of the solution was read. There- 
fore, the interference of carotene upon the immediate blue color produced 
by the action of GDH on vitamin A was studied. Examination of Table 
II shows that in this reaction the color due to 1 7 of carotene is equal to 
about 0.17 i.u. of vitamin A. 

The above studies suggest two methods of determining vitamin A (in 
solutions containing carotene) after the amount of carotene present is 
evaluated by the method of Dann and Evelyn (9) as described above. 
One method is to measure the absorption of the solution with GDH at 
550 m /1 at the end of 6 minutes. Subtract from the absorption obtained 

Table II 


Interference of Carotene in Colorimetric Determination of Vitamin A {18.6 I.U.) 


Reagents and conditions 

Carotene 

Density^ log ^ 

Increment in 
density due 
to carotene 

Increment is 
vitamin A 
perl 7 carotene 


y 



I.V. 

Glycerol 1,3-dichlorohydrin 


0.146 


0.647 

550 m/i 

13.4 

0.204 

0.058 

Absorption, 6 min. 

20.0 

0.222 

0.076 

0.481 

After mixing 

26.7 

0.244 

0.098 

0.465 


33.4 

0.264 

0.118 

0.448 

SbCh 


0.678 


0.238 

615 m/1 

13.4 

0.796 

0.118 

Maximum absorption of immedi- 

20.0 

0.854 • 

0.176 

0.238 

ate color 

26.7 

0.914 

0.236 

0.239 


33.4 

0.963 

0.285 

0.231 

Glycerol 1,3-dichlorohydrin 


0.195 


0.149 

625 m/1 

13.4 

0.216 

0.021 

Maximum absorption of immedi- 

20.0 

0.231 

0.036 

0.179 

ate color 

26.7 

0.243 

0.048 

0.170 


33.4 

0.254 

0.059 

0 . 16 S 


the increment due to carotene. This is read from a calibration cha 
viously prepared for various amounts of vitamin A and carotene y 
method shown in Table II. This procedure possesses the advan 6 
pointed out in this paper for the GDH reaction. Its disadvantage co 
pared with the antimony trichloride method lies in the greater inter er 
of carotene and in the need of an empirical correction chart. 

A second method of evaluating carotene interference is to 
absorption of the solution i\-ith GDH at the end of 5 seconds a 
Subtract the increment due to carotene as described above. 
dure also possesses the advantages of the GDH reaction, 
color must be read immediately owing to its rapid change 
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color. The carotene interference is about 30 per cent less than it is in the 
antimony trichloride reaction. 

A more detailed study of the interference of carotene is now being under- 
taken and will be presented in a paper dealing mth the application of the 
GDH reaction in the estimation of vitamin A in blood. 

EXPERIMENTAL 

Apparatus — All determinations were made in a Coleman universal spec- 
trophotometer, model 11, ivith Filter PC-4 for the region of 400 to 700 mii. 
This instrument employs a monochromatic band of light 35 m^i wide (which 
can be located with a precision of less than 2.0 m/i). For this reason, 
■^i m. values are reported instead of Fj m. values, which are used for pure 
monochromatic light. Direct readings of per cent transmission were made 
on the galvanometer scale by setting the blank at 100. The absorption 
path was 1.3 cm. 

Reagents — 

Practical glycCrol 1 ,S-dichlorohydrin from the Eastman Kodak Company 
was stored in the ice box and brought to 25° before use. Each new batch 
should be standardized ivith known solutions of vitamin A. 

GDH obtained from other firms possessed little or no chromogenic prop- 
erty with vitamin A. However, it was found that by distilling the inac- 
tive reagent, at 30 to 40 mm. pressure, in the presence of 1 to 2 per cent 
antimony trichloride a product was obtained possessing properties similar 
to the practical GDH from the Eastman Kodak Company. 

Chloroform, analytical reagent grade, dried over anhydrous sodium sul- 
fate, distilled, and kept over the same drying agent. 

Antimony trichloride (reagent grade). A saturated solution in chloro- 
form was prepared by shaking 90 gm. of the trichloride (from an unopened 
bottle) with 300 ml. of chloroform at room temperature. The saturated 
solution was filtered before using. 

The standard vitamin A solution was prepared by dissolving a weighed 
amount of a distilled vitamin A concentrate from Distillation Products, 
Inc., Rochester, New York, (potency 500,000 i.u. per gm.) in a known 
volume of chloroform. This standard remained stable for considerable 
periods of time as shomi by the constant L}^. values it gave with the 
GDH and antimony trichloride reagents with which it was frequentlj' 
checked. 

The conversion factor for converting international units of the concen- 
trate into micrograms of idtamin A was 0.292. This was obtained by 
measuring the extinction coefiicient of the concentrate in isopropanol at 
328 m/I irith a Beckman spectrophotometer. From this value, and by 
taking the equal to 1800 (calculated from the data presented in a 
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paper by Oser el al. (13) who have also shoi\Ti that the jBj distilled 
vitamin A esters is the same at 328 mp as the of the saponified esters 
at 325 mp), the weight of vitamin A per gm. of concentrate was calculated. 
It is noteworthy that using this conversion factor we obtained almost the 
same that Baxter and Robeson (12) did for crystalline vitamin A 
alcohol. All such conversion factors are in doubt at present until proved 
by exact multiple level bioassays from different laboratories. 

The standard carotene solution was prepared by dissolving a weighed 
amount of carotene (90 per cent of /3- and 10 per cent of a-) from the S. 
M. A. Corporation in a knowm volume of chloroform. 


Color Development 


Temperature — All colors were developed in a constant temperature bath 
at 25°, and all reagents were preheated to this temperature. 

Use of Practical Glycerol 1 ,S-Dichlorohydrin — 1.0 ml. of chloroform 
containing vitamin A, carotene, or a mixture of both was pipetted into a 10 
ml. glass-stoppered graduate. 4 ml. of reagent were added with a bulb 
pipette, and the graduate stoppered and inverted several times to insure 
homogeneous mixing. It was then placed in a 25° water bath, and at the 
end of the desired incubation period (we recommend 2 minutes for the de- 
termination of vitamin A), the solution was poured into a cuvette and its 
maximum absorption read. 

To read the maximum absorption of the immediate blue color, the abme 
procedure was revised as follows: The chloroformic solution contauung 
vitamin A was measured with a pipette directly into the. cuvette. Then, 
with the cuvette held in one hand, 4.0 ml. of the reagent were added in a 
rapid stream from a fast delivery' pipette. The cuvette was vigorous) 
tapped with the forefinger of the other hand several times, placed in s 
cuvette carrier, and the maximum absorption of the blue color was ^ • 
The time elapsed from the addition of the reagent to the reading o 


maximum absorption should not exceed 5 seconds. . 

Use of Antimony Trichloride Reagent-— To 1.0 ml. of chloroform 
ing the vitamin A, which was measured with a pipette into a cuvet , " 
added 3.0 ml. of antimony trichloride reagent with a fast delivery piP® 
The maximum absorption was immediately read. , 

Visual Colorimetric Technique — ^The determination was carne ° 
room temperature with the violet color produced by the reaction o ^ 
with vitamin A. With each unknowm a standard solution of vi 
was run, the violet color in both being simultaneously 
unknowns (prepared from a known standard) were read against^ e 
ard at any time from 2 to 10 minutes after the reagents were mixe 
All the densities reported in this paper are 
determinations. 


reagents were 
the averages of dupbe 
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SUMMARY' 

A new colorimetric reagent, glycerol 1,3-dichlorohydrin, is proposed for 
estimating vitamin A. It possesses the advantage over the antimony 
trichloride reagent that the color developed Rith vitamin A is stable for 
from 2 to 10 minutes, which permits its absorption to be determined with 
ease. Other advantages are that the use of the reagent requires no special 
precautions and possesses good stability. 

Spectrophotometric data are presented of the immediate transient blue 
color and the stable secondary A'iolet color produced by reaction of the 
reagent with vitamin A, as well as the color formed b 3 ' its reaction viith 
carotene. 

The interference of carotene upon the determination of vitamin A with 
the reagent has been studied. 

The authors are indebted to Dr. Oscar Gawron, Research Laboratory’, 
International Vitamin Division, American Home Products Corporation, 
New York, for the samples of fish liver oils which were used in this investiga- 
tion. 
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NOTE ON THE REPORTED FORMATION OF UREA FROM GLU- 
TAMINE BY LIVER EXTRACTS, AND ON THE PREPARATION 
OF GLUTAMINE FREE FROM ARGININE 

By REGINALD M. ARCHIBALD 

{From Ihe Hospital of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, April 9, 1945) 

The writer recently reported (1) that, when cell-free liver extract acts on 
glutamine, urea, equivalent to about 3 per cent of the glutamine amide N, 
is formed. Since that time it has been found that the preparation of beet 
glutamine used was contaminated with exactly the amount of arginine 
required to yield the small amount of urea formed. The arginine present 
would be converted into urea by the arginase that is always present in 
manunalian liver. With glutamine solutions freed from arginine the for- 
mation of urea reported in the pre'rious paper (1) does not occur. The 
author therefore wishes to ivithdraw the statement that he has observed 
formation of small amounts of urea on incubation of glutamine ivith liver 
extract. 

The glutamine preparation previously employed proved to be 94 per cent 
pure when analyzed by the glutaminase method (2). The preparation 
had been tested for arginine by Dubnoff’s modification (3) of the color- 
imetric Sakaguchi reaction and gave negative results, but we have since 
found that glutamine interferes with the Sakaguchi method for arginine. 
If the Sakaguchi reagent is added to a solution containing both arginine 
and glutamine, the increase in optical density (525 mp wave-length) is less 
than if only the arginine were present. The interference is due to the sum 
of two effects of the glutamine; it (fiminishes the optical density of the 
Sakaguchi reagent solution itself and decreases the color formed by the 
reaction vith arginine. 

Recrystallization from water failed to free the glutamine from contam- 
inating arginine. However, we have been able to prepare glutamine solu- 
tions free of arginine by the following adsorption procedure, and to measure 
the arginine in the eluate of the adsorbed material. 

The lower 10 cm. of a 30 cm. length of glass tubing (6 mm. internal diam- 
eter) were filled with a column of Decalso. The Decalso was washed with 
20 cc. of a 10 per cent solution of NaCl, then uith water (about 50 cc.) until 
the filtrate was chloride-free, and was dried by drawing air through the 
column; 25 cc. of a 1 per cent solution of the ai^nine-containing glutamine 
w-ere then passed through the cylinder. The filtrate contained no arginine, 
but contained over 90 per cent of the glutamine. 

To regain the adsorbed arginine for determination, the Decalso column 
was freed as completely as possible of adherent glutamine solution bj' 
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suction, and was then washed by passing 20 cc. of water (Eluate I) through 
it, followed by 25 cc. of a 3.0 per cent solution of NaCl (Eluate II). 

The arginine in the two eluates was measured by hydrolyzing ivith ar- 
ginase (liver extract), and determining the resulting urea colorimetrically 
(4). Eluate I contained 25 per cent of the adsorbed arginine and all of the 
glutamine previously left in the column.* Eluate II contained the re- 
maining 75 per cent of the arginine, and no glutamine. 

The nitrogen of the total urea formed by the action of arginase on the tivo 
eluates was equivalent to 2.1 per cent of the theoretical amide nitrogen of 
one glutamine preparation, and indicated 1.3 per cent of arginine present 
in the preparation. With another glutamine preparation the figures were 
3.2 and 2.0 respectively. When arginine in these two preparations was 
determined directly with arginase, the amounts found were identical nith 


the sum found in the eluates. 

The Sakaguchi reaction failed to detect the arginine present in Eluate 
I, because enough glutamine was present to inhibit the development of 
color by the arginine. In Eluate II, however, the Sakaguchi reaction 
indicated the same amount of arginine revealed by analysis with arginase. 

Glutamine in the two eluates was determined by heating 1 cc. portions 
of each eluate to 100° for 4 hours with 0.5 cc. portions of 0.5 M potassium 
phosphate buffer of pH 6.0. Each solution w'as made up to 20 cc. mtn 
water, and 1 cc. of Nessler’s reagent was added. The ammonia formed hj 
hydrolysis of the amide group of the glutamine was then measured color- 
imetrically. Eluate I contained 6 per cent of the original glutamine, 


Eluate II contained none. , 

Canavanine forms urea when treated with liver arginase, and hence e 
possibility was considered that canavanine rather than arginine was e 
contaminant of the glutamine previously used. How'ever, both Elua c ^ 
and Eluate II gave negative tests for canavanine by a colorimetric me o 
mentioned in a previous report (5), and the liberation of 
eluate by the action of arginase was completed much more rapidly^ 
if canavanine were the substrate. Hence it appears that the contamm- 


was arginine rather than canavanine. 
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» When arginine alone is present in the column, washing with wate ^ 

arginine, but, when glutamine is also present, all of the glutanune an 
cent of the arginine are eluted with water. Likewise a 0.3 per cent so js 

used as a wash, as recommended by Dubnoff (3), elutes no arginine w e 
absent, but elutes part of the arginine when glutamine is present. 



A STUDY OF THE INTERMEDIATES OF ACETATE AND ACETO- 
ACETATE OXIDATION WITH ISOTOPIC CARBON 

By JOHN M. BUCHANAN, WARWICK SAKAMI, SAMUEL GUEIN, and 
D. WRIGHT WILSON 

(From the Deparlmenl of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia) 

(Received for publication, May 17, 1945) 

The identity of the intennediates of acetate and acetoacetate oxidation 
in vivo has imtil recently remained relatively obscure. The first suggestion 
concerning the mode of metabolism of these compounds came from the 
experiments of Quastel and Wheatley (1). By virtue of their finding that 
malonate, a poison of the succinoxidase system, inhibits fatty acid and 
ketone body oxidation in tissue slices, Quastel and Wheatley suggested 
that the oxidation of these substances was related to reactions of the tri- 
carbo.xylio acid cycle. In confirming this observation, Edson and Leloir 
(2) extended this hypothesis ivith the further postulation that pyruvate and 
acetate condense, forming a-ketoglutarate. More direct evidence for the 
conversion of acetoacetate into members of the tricarboxylic acid cycle 
has been provided by Breusch (3) and by Wieland and Rosenthal (4), who 
have independently reported that extracts or breis of kidney or muscle 
tissue are capable of forming more citrate from oxalacetate plus aceto- 
acetate (or acetate) than from oxalacetate alone. Breusch has claimed 
that extracts of muscle convert not only acetoacetate but also other homol- 
ogous ^-keto acids to citric acid. AVieland and Rosenthal have isolated 
and characterized the citric acid formed by the reaction of oxalacetate 
with acetoacetate in kidney breis and have postulated a direct condensation 
of the two substances. 

The interpretations which these investigators have placed upon their 
e.xperiments have been criticized by Weil-Malherbe and by Krebs and 
Eggleston. Weil-Malherbe (5) was unable to obsen'e significant effects 
of members of the tricarboxylic acid cycle on the oxygen uptake, formation 
of citric acid, and disappearance of ketone bodies in slices of rat brain and 
kidney, either aerobically or anaerobically. Krebs and Eggleston (6), 
however, using sheep heart and sheep kidney, confirmed the obser\’ation 
that acetoacetic acid can increase the yields of citric acid (and its break- 
down products) in the presence of oxalacetic acid. In both tissues, the 
removal of acetoacetic acid was stimulated by members of the tricarboxj-lic 
acid cycle. The effect was greater rmder anaerobic than under aerobic 
conditions. There was one exception, however. O.xalacetate did not 
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stimulate acetoacetate disappearance aerobically. From a complete 
analysis of the products of the anaerobic interaction between acetoacetate 
and oxalacetate, these investigators came to the conclusion that the extra 
acetoacetic acid disappearing by interaction with oxalacetic acid could be 
quantitatively recovered as jS-hydroxybutyric acid, and that the reciprocal 
effect of acetoacetate and oxalacetate on the metabolism of the other was 
indirect rather than direct. They believe that, by acting as a hydrogen 
acceptor, acetoacetate stimulates the oxidative conversion of o.xalacetate 
to citric acid. 

In the experiments reported herein, acetate and acetoacetate tagged 
with C« ii.e., CHs-C"OOH and CHrC>’0-CH,-C«00H), were used to 
study the intermediates of the oxidation of these substances in homogenate 
of guinea pig kidney. It was found that under the conditions of our expen- 
ments the organic acids of the tricarboxylic acid cycle are a major pathway 
in these o.xidations.^ 


EXPERIMENTAL 

Organic Synthesis- — Carboxyl-tagged acetate was synthesized from 
C‘*Oj by the Grignard reaction. Ethyl acetate, prepared by heating 
anhydrous sodium acetate with diethyl sulfate, was converted into aceto- 
acetate by the method of Hudson, Dick, and Hauser (8). 

Tissue Reactions — ^The aerobic disappearance of acetoacetate in homog- 
enates of guinea pig kidney is stimulated approximately 3-fold by the 
addition of any one of the organic acids of the tricarboxylic acid cycle. 
Homogenates of guinea pig kidney metabolize acetor cetate at a rate 
(Qactto«cetat« ~ —1.5) lowcr thsu that previously reported .or slices of S'®®® 
pig kidney (Q = -4.0) (1). The addition of any of the organic acids of ® 
tricarboxylic acid cycle to make concentrations of 0.003 M in homogena es 
raises the rate of disappearance of acetoacetate to that in slices. 

Since, in the present experiments involving the use of C‘® it was neces^ 
sary to add a sufficient amount of dicarboxylic acid so that either 
immediate product of its metabolism could be conveniently isolate, 
effect of these organic acids in higher concentrations was studied. 
creasing the concentration of a-ketoglutarate, succinate, 
malate from 0.003 to 0.03 m did not materially affect the rate of a 
acetate disappearance. O.xalacetate at this latter concentration, howe t 
depressed acetoacetate disappearance considerably. 

In the following series of e.xperiments sodium of-ketoglutarate or 
succinate was added in concentrations of 0.015 M. In a typma 

' A preliminary note has been published in this Journai (7). 

• A detailed description of the methods for the synthesis of acetoace 
tate in small quantities will be presented in a separate communication. 
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ment 10 gm. of guinea pig kidney were homogenized in a Potter-Elvehjem 
homogenizer in approximately 65 ml. of Krebs’ phosphate-saline solution. 
This homogenate was added to 25 ml. of a solution containing sodium 
bicarbonate, the sodium salt of a dicarboxylic acid, and isotopic sodium 
acetoacetate. The final concentrations of these substances were 40, 15, 
and 4 mM per hter respectively. The solution was shaken vigorously at 
37° for 40 to 60 minutes, during which time a gaseous mixture of 95 per 
cent O2-5 per cent CO2 was bubbled through to insure the adequate re- 
moval of isotopic CO2 produced by the metabolism of the tissue. By this 
means the isotopic content of the bicarbonate of the solution was kept at a 
very low lej^el. At intervals during the incubation, aliquots were removed 
and acidified with a buffer solution (pH 4), the CO2 evolved being trapped 
in barium hydroxide for isotopic analysis. In all, four different types of 
experiments have been carried out. These are summarized in Table I. 

Isohlion of Compounds — Certain acids of the tricarboxylic acid cycle 
thought to be formed by the metabolism of either isotopic acetate or aceto- 
acetate were isolated and carefully purified. The p-nitrobenzylthiuronium 
salts were prepared (9) whenever possible because of the ease with which 
they can be split by dilute H2SO4 into p-nitrob’enzylthiuronium sulfate and 
the free organic acid. The latter was extracted with ether and precipitated 
from aqueous solution as a heavy metal salt. Isotopic analyses were 
usually made on these inorganic salts, thus avoiding the dilution of the 
isotope by non-isotopic carbon which would occur if isotopic analyses 
were made on organic derivatives. The isolation and purification of each 
of the organic acids studied are described below. 

Acetoacetic Acid — The isotopic content of the acetoacetic acid used was 
determined by conversion into CO2 and acetone. The former substance 
was trapped in Ba(OH)2 and acetone was precipitated by the Denigfes 
reagent. From the isotopic analysis of either of these separate fractions, 
the isotopic content of the entire acetoacetate molecule was calculated. 

Fumaric Acid — At the conclusion of the incubation period in Experi- 
ments lA and B, Table I, about 10 ml. of 15 per cent metaphosphoric 
acid were added to the 100 ml. of solution and the protein precipitate 
centrifuged off. The supernatant was concentrated in vacuo to about 10 
nil. and was then extracted with three 25 ml. portions of ether. The ether 
was evaporated and the residue taken up in water. Fumaric acid was 
precipitated as the mercurous salt, which was recrystallized from 5 per cent 
HNO3 as described by Stotz (10), and then decomposed by H:S. The 
solution of the free acid was neutralized, evaporated to a small volume, and 
treated with p-nitrobenzjdthiuronium chloride. The product, after 
several recrystallizations from hot 70 per cent ethanol, melted at 157° and 
gave no depression upon mixing with an authentic sample. The pure 
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and recrystallized from water three times. It decomposed at 199.0° 
(uncorrected), as did an authentic sample of a-ketoglutaric acid semicar- 
bazone and a mixture of the two specimens.® 

Degradation of Organic Acids — Since the position of the isotope present 
in the organic acids isolated was of theoretical interest, fumaric acid and 
a-ketoglutaric acid semicarbazone were degraded by controlled oxidation. 

Fumaric Acid — Fumaric acid was oxidized Avith acid permanganate, 
each mole yielding 1 mole of formic acid and 3 moles of CO 2 (14). The 
formic acid originates from a methine carbon of fumaric acid and the 
carhon dioxide from the carboxyl carbons and one of the methine car- 
bons^ (15). 

a-Ketoglularic Acid Semicarbazone — ^a-Ketoglutaric acid semicarbazone 
Avas oxidized quantitatiA'ely® bj' acid permanganate, according to the 
folloAving equation: 


\H,-CO-NH-N 

HOOO-CIl5-CH,-C-COOH + 30 > (D 

H00C'CH.-CH2-C00H+ 2 CO 2 + Ns + NH, 

In this reaction one of the molecules of carbon dioxide is derived from the 
carbon of the semicarbazide group and the other from the carboxyl carbon 
Of to'lhis group. The resulting succinic acid was extracted from the oxida- 
tion mixture and precipitated as the sih'er salt at pH 5. In the folloAA’ing 
discussion, these tAvo oxidation products of a-ketoglutaric acid semicar- 
bazone are referred to as the “CO 2 fraction” and the “succinic acid frac- 
tion.” 

’ The decomposition point , 199°, is considerably lower than the melting point, 220°, 
of the semicarbazone of a-hetoglutaric acid reported by Blaise and Gault (12) and is 
probably a stereoisomeric modification. The identity of the semicarbazone prepared 
from an authentic sample of a-ketoglutaric acid was established by an acidimetric 
determination of molecular Aveight (found 204, theory 203), and by a determination 
of the semicarbazone by the method of Veibel (13) (moles of ammonia per mole 
of semicarbazone, found 1.01, theory 1.00). 

* 10.5 ml. of 0.1 N H-SOj, 1.75 ml. of 1 n iavin04, and 1.75 ml. of water were mixed 
and aerated rapidly for 10 minutes to remove COi formed from impurities. 21 mg. 
of fumaric acid in 7 ml. of water were added, and the portions of CO* liberated during 
the first 20 minutes and during the next 2 hours were collected separately in barium 
hydroxide. With the strength of acid used, the initial oxidation is A'cr^' rapid but is 
followed by a gradual oxidation of the formic acid produced. 

‘ 0.3 ml. of 1.5 N KMnOi was added to 1 ml. of 4 n H:SO, and the solution aerated 
to remove any CO 2 produced by the oxidation of impurities. 7 mg. of a-ketoglutaric 
acid semicarbazone were introduced in 4 ml. of water, followed by 0.5 ml. of water. 
The resulting CO. was collected in vacuo in a liquid air trap. 
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Results 

The results of five experiments are presented in Table I. All of the in- 
termediates of the tricarboxylic acid cycle isolated after incubating homog- 
enates of guinea pig kidney with isotopic acetate or acetoacetate were 
found to contain a significant excess of C‘*. This proves conclusively that 
some of the acetate and acetoacetate is metabolized by a pathway which, 
in part, is identical with the aerobic metabolism of carbohydrate. In 
Column 3, Table I, are reported the amounts of acetic acid or acetoacetio 
acid metabolized by 10 gm. (wet weight) of homogenized kidney in 100 ml. 


Table I 

MetahoUsm of Acetate and Acetoacetate 


Experi- 

ment 

No. 

(1) 

Isotopic material 
added 

(2) 

Amount 
of aceto- 
acetate ' 

Of 1 

acetate 
metabo- 1 
lized 1 

(3) 

Non-isotopic organic 
acid added 1 

W) 

Bicarboxylic acid 
isolated 

(5) 

C«| 

atom* 

loitiai 
aceto- 
ace- 
tate 1 
or 
ace- 
ute 

(6) 

concen tr: 
1 per ceni 

Dicar- 

boxylic 

acid 

isolated 

(7) 

1 

lA* 

Acetoacetate 

mu 

0.25 

Succinic 

1 

Fumaric 

1 

3.80 

0.22 


IB* 


0.34 

(< 

(4 

3.98 

0.30 



it 

0.32 

a-Ketoglutaric 

o-Ketoglutaric 

E^i 



3* 

0 

p 

0.10 

Succinic 

Fumaric 

0.00 



4t 

Acetate 

0.31 

Acetoacelic 

o-Ketoglutaric 

Succinic 

3.88 

P 

o.oi 


* 60 minute experiment. 

1 40 minute experiment. 

t This value calculated from the observed C** content of o-ketoglutarie aci 
semicarbazone. 


of solution. These acids were determined by the methods of Friedemann 
(16) and Edson (17) respectively. In all but Experiment 3, the concen 
tration of C“ ii\ the bicarbonate was maintained at a low level by 
tinuous bubbling of a non-isotopic gas mixture (95 per cent 0«-5 per c® 
CO 2 ) through the solution. Average values for the isotopic content 0 
bicarbonate of the solution are included in Column 8, Table I. 

In Experiment 3, non-isotopic acetoacetate was j ^th 

isotopic sodium succinate in a medium containing bicarbonate la e e ^ 

C'’. The pure fumaric acid isolated at the conclusion of the 
contained a normal concentration of C’’, indicating that under ^ ® ^ 
tions of our experiments CO 2 is not incorporated into these substanc 
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In Table II are reported results of experiments in which fumaric acid and 
a-ketoglutaric acid semicarbazone were partially degraded by oxidation. 
The carbon dioxide obtained by the oxidation of the methine carbons of 
fumaric acid (“formic acid” fraction in Table II) contained no excess of 
C“, proving that all of the excess C“ of the isotopic fumaric acid was in 
the carboxyl carbons. Since the methine carbons of fumaric acid origi- 
nated directly from the methylene carbons of succinic acid and indirectly 
from the methylene carbons of a-ketoglutaric acid, it is concluded that 


Table II 

Concentration of Isotope in Fractions Obtained by Degrading Metabolic Products 
of Acetoacetic Acid 


Substance 

Origin of fraction 

Cu concentra- 
tion, atom per 
cent excess 

(1) 

(2) 

Ezpexi- 
mental i 

C3) 

Calcu- 

lated 

(4) 

Fumaric acid 

Experiment IB 

IBBii 


“COi” fraction 

2 carboxyl carbons -f 1 methine 
carbon 



“Formic acid” fraction 

1 carboxyl carbon 

1 methine carbon 

0.00 

1.20 

o-Ketoglutaric acid semicarbazone 

Experiment 2 

0.42 


“COj” fraction 

C of semicarbazide and C of o- 
carboxyl 

0.12 


“Succinic acid” fraction 

a-Carboxyl carbon 

7-Carboxyl “ 

Remaining 4 carbons of a-keto- 
glutaric acid semicarbazone 

0.59 

0.24 

2.36 


* In the oxidation of fumaric acid with acid permanganate 6.8 mg. of isotopic 
fumaric acid were diluted with 14 mg. of non-isotopic fumaric acid. The isotope 
excess obtained (0.14) has been corrected for the dilution with non-isotopic fumaric 
acid as follows: (0.14 X 20.8)/6.8 = 0.43. 

none of these carbon atoms contained excess isotope. Furthermore, in 
"view of present theories on the mechanism of formation of a-ketoglutaric 
acid from oxalacetate and acetoacetate, the assumption is made that the 
carbon atom of the keto group of a-ketoglutaric acid isolated in these 
experiments is non-isotopic. Since one of the carboxyl carbons of either 
succinic or fumaric acid is derived from this carbon atom, it is therefore 
non-isotopic. For this reason the assumption is made in the calculations 
in Column 4, Table II, that all of the isotope of the recovered succinic and 
fumaric acids resided in one carboxyl group onl}' and that this carbo.xyl 
group was derived from the carboxyl group of a-ketoglutaric acid which was 
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7 to the keto group. On the basis of this assumption it is possible to 
estimate that the isotope content of the 7 -carboxyl carbon of o'-ketoglutario 
acid was approximately 10 times that of the a-carboxyl carbon (Column 
4, Table II). 


DISCUSSION 


The distribution of isotopic carbon in a-ketoglutaric acid during its 
formation in pigeon liver mince from pyruvate and isotopic carbon dioxide 
led Evans and Slotin (18) and Wood el al. (19) to conclude that citric acid 
is not a direct intermediate in pyruvate metabohsm. Wood el al. have 
suggested that cis-aconitic acid is the product of the oxidative condensa- 
tion of pyruvic and oxalacetic acids. 

The results reported in this paper dealing vith the distribution of isotope 
in a-ketoglutarate likewise furnish information to identify the intermediates 
formed in the metabolism of acetoacetate. If citric acid were an inter- 
mediate in this metabolism, both carboxyl carbons of the resulting a-keto- 
glutaric acid should contain equal concentrations of C“. It has been 
estimated, however, that the carboxyl carbon 7 to the keto group of a-keto- 
glutaric acid contained approximately 10 times more isotope than the other 
carboxyl carbon. Although in this estimation certain assumptions were 
made, they are not necessary to establish the validity of the conclusion. 
Without miking any assumptions regarding the distribution of isotope in 
the succinic acid resulting from the oxidation of a-ketoglutarate, it was 
possible to show experimentally that the average C*’ excess of these 4 
carbon atoms was 2.5 times greater than that of the 5th carbon atom of 
a-kitoglutaric acid (i.e., the a-carboxyl carbon). For these reasons the 
authors suggest that cfs-aconitate or isocitrate or both may be interme- 


diates in the acetoacetate oxidation, but that citrate is not. 

The presence of a relatively small excess of isotope in the carboxyl carbon 
a to the keto group of a-ketoglutaric acid resulting from the metabolism 
of isotopic acetoacetic acid may arise in several ways. As has been sug 
gested by us previously (7), it may result from the participation of a small 
amount of cis-aconitic acid in an equilibrium reaction with citric aci • 
Such an equilibrium reaction would distribute the isotopic carbon cqua > 
between two of the three carboigrl groups of cis-aconitic acid. A more 
probable explanation is that carboxyl isotopic oxalacetic acid formed y 
the reactions in Diagram 1 reenters the cycle, combining with a , 
molecule of labeled acetoacetate. a-Ketoglutaric acid thus formed s ou^^ 
contain C'^ in the carboxyl group a to the keto position, since it is t 
icallj’^ derived from one of the carboxyl groups of oxalacetic acid- 
isotopic oxalacetic acid produced by the first series of reactions as 
diluted once by the added non-isotopic a-ketoglutaric acid and upon 
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entering the cycle is diluted again, it would be expected that the C*® con- 
centration of the carboxyl carbon a to the keto group of a-ketoglutaric acid 
would be relatively small when compared with the concentration in the 
other carboxjd carbon of this compound. 


CHj-CO-CHj-COOH 


(HOOC-CH,)- 


HOOC-CHj-CHOH-CHi-COOH 

I 

Citric COOH 

,Ti -H.0 

. !i I 

HOOC-CHj-CiCHCOOH 


cts-Aconitic ) COOH 
+H2O 


HOOC-CHj-CH-CHOH-COOH 

I 

Isocitric COOH 

I -2H -CO 2 




-HO-C;CH-COOH 

I Oxalacetic (enol form) 
COOH 


HOOC-CO-CHj-COOH 
Oxalacetic 
(keto form) 

-2H 

HOOC-CHOH-CHj-COOH 
Malic 


+H2O 


HOOC-CH:CH-COOH 

Fumaric 

-2H 

HOOC-CHj-CHj-COOH 
Succinic 


-i-HsO -2H -CO 2 


— ; — 1 I 

HOOCCH2-CH2-COCOOH 

a-Ketoglutaric 


Diagram 1. Proposed mechanism of oxidation of acetoacetate and acetate via 
the tricarboxylic acid cycle. Although isotopic carbon has been assigned to only 
one carboxyl of succinic, fumaric, malic, and oxalacetic acids respectively, it is 
obvious that the isotope may be allocated to one or the other carboxyl (but not 
both) after formation of the symmetrical succinic acid. 

The finding that acetate and acetoacetate as well as pyruvate are oxi- 
dized by way of the tricarboxylic acid cycle suggests a correlation of fat 
and carbohydrate metabolism. Although acetate (20) and acetoacetate 
(21) have been recognized as products of pyruvate metabolism, they have 
not been generally accepted as intermediates in the formation of tricar- 
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boxylic acids from pyruvate. Usually pyruvate and oxalacetate have 
been considered as the reactants in the condensation, and oxalcitraconic 
acid has been sugpsted as a possible product (22). An alternative theorj’ 
is that pyruvate is first oxidatively decarboxylated into a 2 -carbon inter- 
medi^e, which is condensed with a 4-carbon compound to form a 6 -carbon 
tncarboxylic acid (cfs-aconitate or isocitrate). Acetoacetate, according 
to such a theory, would represent a reservoir for this hypothetical 2 -carbon 
intermediate and would be formed in those tissues (f.e. liver) in which fat 
^d pyruvate metabolisms are relatively rapid. The 2 -carbon interme- 
diate of acetoacetate and pyruvate metabolism might be acetic acid or its 
phosphorylated derivative, acetyl phosphate. The recent observation 
y emhouse, Medes, and Floyd (23) that a 2 -carbon compound is in- 
VO ve in the oxidation of octanoic to acetoacetic acid has initiated a re- 
newed interest m this 2 -carbon compound as an important intermediate of 
^ c body metabolism. Calculations based upon our experi- 
menta dings indicate that acetate is oxidized via the organic acids of 

■ f oxylic acid cycle at a rate similar to that of acetoacetate. This 

IS urt er support for the belief that a 2-carbon compound may be an inter- 
mediate of acetoacetate oxidation. 

A scheme proposing that cis-aconitic acid is formed by condensation of a 
! an a C 4 unit is consistent with existing non-isotopic data concerning 
non-formation of carbohydrate from C 3 or Cs units, 
oug many 3-carbon chains such as glycerol, pyruvate, lactate, alanine, 
an propionate may be converted into carboh 3 '^drate by the mammalian 
organism, it has never been conclusively demonstrated that acetic acid or 
mmtiples of this Cj unit (i.e. naturally occurring fatty acids) can undergo 
tins same reaction. 

At present it is thought that Reaction 2 (Diagram 2 ) (i.e phosphopyruvic 
diphosphate -> pyruvic adenosine thphosphate) (24)’ 
im eaction 5 (i.e. pyruvic -}- 0 — > carbon dioxide acetic) are irrevers- 
ibie m the mammalian organism (25). On the basis of experiments mth 
ra loactive C’'Oj, Hastings and his coworkers (26) have postulated thal 
p osp opyravate may be synthesized from pyruvate by Reactions 3 and 
ccording to this mechanism oxalacetate would be an intermediate of 
g ycogen s;^thesis from pyruvate. Although the conversion of acetic acid 
mto pyruvic acid by reductive carboxjdation has not been demonstrated 
in iMmmalian tissues, the reverse reaction is a reaction of considerable 
si^i cance. Bloch and Rittenberg have shoum, for instance, that alanine, 
which may be converted into pyruvic acid, is almost as effective as acetic 
^ acetylation of l-phenylaminobutyric acid (27). 

If the assumption is made that acetic acid is further metabolized by con- 
densing with o.xaiacetic acid forming cis-aconitic or isocitric acid, it 
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Diagram 2. Integration of carbohydrate and fat mctaboliein. 
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possible to explain how acetie acid as well as other fatty acids may be 
oxidized via a mechanism common to carbohydrate oxidation without 
effecting a net synthesis of carbohydrate. According to Reactions 6 and 
7, Diagram 2, 1 mole of oxalacetic acid reacts mth 1 mole of acetic acid to 
form 2 moles respectively of COa and water and 1 of oxalacetic acid. Thus 
there has been no accumulation of oxalacetic acid, although 1 mole of 
acetic acid has been oxidized. The over-all reaction is acetic acid -+ 
2COa -b 2H3O. 

The carbons of the acetic acid, however, are not the ones which have 
formed CO2. Thus, acetic acid carbon may be found in a carbohydrate 
precursor (oxalacetate) without causing its accumulation. Such a reac- 
tion suggests the need of carbohydrate intermediates for the oxidation of 
fatty acids. According to this scheme fatty acids and that fraction of 
pyruvic acid W'hich is converted into acetic acid cannot be converted into 
carbohydrate. Pyruvic acid, metabolized by the alternative pathway of 
the Wood and Werkman carboxylation reaction, on the other hand, may 
be presumed to be a source of carbohydrate. Obviously, these conclusions 
concerning the metaboUsm of fatty acids are based upon the assumption 
that the conversion of acetic acid directly to pyruvic acid does not take 
place at all or to anj’' appreciable extent in the mammalian organ- 
ism (28, 29). 

The above discussion offers an explanation for the experiments of Bu- 
chanan, Hastings, and Nesbett (30), in which carboxyl radioactive butyric 
acid was administered to white rats along with non-isotopic glucose. Sig-* 
nificant amounts of radioactivity were found in the liver glycogen isolated 
after a 2 hour e.xperimental period. As has been demonstrated by Hast- 
ings and his coworkers (31) and by Boxer and Stetten (32), there is a con- 
siderable synthesis of gljxogen from compounds with carbon chains smaller 
than glucose after the administration of glucose to fasted rats. Vermes 
land ct al. (31) have postulated that phosphoiylated derivatives of 
and the components of the tricarboxylic acid cycle are rapidly broug 
into equilibrium by enzymatic reactions (Reactions 1 to 4, Diagram )■ 
According to these equilibrium reactions showm in Diagram 2, it is posa e 
for isotopic carbon of isotopic oxalacetic acid formed during the metabolism 
of carboxyl radioactive butyric acid to appear in glycogen, even t oug 
there has been no increase of either carbohydrate or the carbohy ra 
precursor, oxalacetic acid. .. j, 

The inability of these investigators to demonstrate the incoipora 1 ^^ 
of acetate carbon into glycogen in vivo under conditions in which bu ym ^ 
yielded a positive result is at present unexplained. Recently, j 

Rittenberg and Bloch (33) have been able to isolate isotopic 
aspartic acids from the carcass and liver of mice and rats fed ace 
taining a high concentration of C’’ in the carboxyl position. T e is 
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concentrations in the isolated compounds were small because of the great 
dilution always encoimtered in such experiments with intact animals, but 
were significant. 

Since, in our in vitro experiments mth acetic acid, the dilution factors 
are known to a certain extent, it is possible to calculate roughly the per- 
centage of metabolized acetic acid which is oxidized via intermediates of 
the tricarboxylic acid cycle. This may be done when the following are 
kno^vn: (a) the initial isotopic concentration of acetate, (6) the millimoles 
of acetate carbon metabolized, (c) the millimoles of dicarboxylic acid 
carbon added to the tissue, and (d) the final concentration of isotope in the 
dicarboxylic acid isolated. In the experiment with isotopic acetate, all 
of the added a-ketoglutaratc was metabolized. The main product of 
metabolism was succinic acid; only small amounts of fumaiate (or malate) 
were found. It was assumed in making the calculation that complete 
intermixing of the isotopic and non-isotopic compounds occurred and that 
the concentration of isotope in the succinic acid was equal to the concen- 
tration of isotope in the various metabolic products. The essential data 
for this calculation are as follows: (.4) initial isotopic concentration of 
acetate, 3.90 atoms per cent excess C“; (B) millimoles of acetate carbon 
metabolized, millimoles of acetate metabolized X 2 = 0.31 X 2 = 0.62; 
(C) millimoles of dicarboxylic acid carbon added, 1.5 X 4 = 6 (only 4 
carbons of a-ketoglutaric acid are used in the calculation as the fifth is 
removed as COj); (D) final isotopic concentration in the succinic acid 
isolated, 0.28 atom per cent excess C”. Therefore, the percentage of 
acetate metabolized rda succinic acid is 


DXC 

AXB^ 


100 


0.28 X 6 X 100 
3.90 X 0.62 


= 70% 


( 2 ) 


By these approximate calculations it is estimated that about 70 per cent 
of the acetate disappearing is metabolized \da the organic acids of the 
tricarboxylic acid cycle. 

A similar calculation probably even less accurate has been made uitli the 
data from Experiment IB to ascertain what fraction of the acetoacctate 
disappearing was metabolized via these same intennediates. In this 
experiment succinic acid was oxidized to fumaric and malic acids, the main 
products of metabolism. In a separate experiment it was shown that only 
a small proportion of the added metabolites was oxidized to carbon dioxide. 
The values from Experiment IB to be substituted in equation (2) are 
as follows: (4) initial isotopic concentration in acetoacctate, 3.80 atom per 
cent excess; (B) millimoles of acetoacctate carbon metabolized, 4 X 0.34 
= 1.36; (C) millimoles of succinic acid carbon added, 1.5 X 4 = 6.0: 
(D) isotopic concentration in the isolated fumnratc, 0.30 atom jier f ent 
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fuSc percentage of acetoacetate metabolized via 

0-30 X 6 X 100 
3.80 X 1.36~ " ^ % 

According to these calculations at least 35 ner r 4 .u 
disappeanng is metaboUzed via th^ +• ^ acetoacetate 

cycle. No ‘"“Wlic 

to-ybutyric .eld, »' My- 

In a similar experiment with nvm • i’- iQiportant consideration, 
found that 45 perTent Tf Jhf ^ ^ (3^) have 

for by the formation of prodLteS md^ disappearing could be accounted 
fumarate). ProQucts of reductive reaction (i.e. lactate, malate, 

acetrcSrafdIn 1.36 or 0.48 dim of aceto- 

acid cycle. Since the conri'f • reactions of the tricarbo.\ylic 

rable, it is conlld thTa ^ experiments wem compa- 

these reactions at aporoximfli-^i^ acetoacetate oxidations proceed by 
accord With the nonSonro These results L not b 

and Eggleston, who could find r!!f Weil-Malherbe and of Ifrebs 

via the intermediates of f K ^ fr>r the oxidation of acetoacetate 

kidney. tncarboxylic acid cycle in sheep heart and 

Houdry Laboratories ” Mwc^'^H^T Weinhouse and the 

analj'ses. ’ ^ Hook, Pennsylvania, for the isotopic 

SUMMARY 

datively mSbiS^by way ottheT^^’T^''^ “ -7“ “ ^ t' 

tion of isotonic uratn/ ^ tricarboxyhc acid cycle. After incuba- 

found that isotopic caSon L”d homogenates, it was 

cinic, or fumaric acid * rn " ^ incorporated in a-ketoglutaric, suc- 
transfer. The am ^ ^ participation of CO. in this isotopic 

process have been ° ii^id acetoacetate metabolized by this 

important metabolic^ plthway^^^^ results indicate that this is an 

indicated isotopic a-ketoglutarate and fumarate 

group of ikl i' f exclusively in the v-carbo.vyJ 
intermediate ^ ^ f® therefore excluded as a significant 

and the carbohydrate and fat oxidation is discussed 

usion drawm that metabolic intermediates of fat are con- 
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verted into CO2 and H2O by a process which is in part identical with the 
pathway of carbohydrate oxidation. A mechanism is proposed for ketone 
body oxidation which is consistent with the point of view that no “extra” 
carbohydrate is formed during the metabolism of fatty acids. 
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THE CHEMISTRY OF CYSTICERCUS FASCIOLARIS 

in. THE COMPOSITION OF THE ACETONE-SOLUBLE FAT OF 
TRANSPLANTED RAT TUMORS INITIATED BY 
CYSTICERCUS FASCIOLARIS* 

By SIDNEY F. VELICK 

(From the Department of Chemistry, Yale University, New Haven) 

(Received for publication, May 11, 1945) 

The sarcomas arising in rat livers at the surface of the cysts surrounding 
the tapeworm larvae, Cysticercus fasciolaris {Taenia taeniaformis), have 
been extensively studied by Curtis, Dunning, and Bullock, (1). Recently 
in this laboratory, as part of a cooperative investigation sponsored by 
The International Cancer Research Foundation, a chemical investigation 
of the extractable components of the larvae was undertaken by Anderson 
and coworkers (2, 3). The opportunity has arisen in continuation of 
this project to examine the tumors caused by the parasite. As in the 
case of the larvae a large amount of carefully prepared tumor tissue was 
supplied by Dr. Dunning and Dr. Curtis. 

Although the lipids of malignant mammalian neoplasia have been the 
subject of numerous investigations, they have not j-et been subjected to a 
detailed chemical analysis. From the available evidence they appear in 
superficial character to resemble the lipids of normal tissues, although 
elevated levels of cholesterol esteis (4) and of higher unsaturated acids 
determined as the polybromides (5) have been reported. Interest in 
tumor lipids resides in the possibilities for structural and metabolic pecu- 
liarities, and in the numerous reports of tumor-inducing properties in the 
lipid extracts of tissues from various sources. Samples of the fractions 
obtained in the present work have been reserved for biological study. 

The fraction of the Cysticercus rat tumors designated acetone-soluble 
fat was completely soluble in cold ether and acetone and constituted 3.93 
per cent of the drj' weight of the tissue. Its composition and properties 
are summarized in Table I. Expressed as per cent of the dry weight of 
the tumor tissue, the amounts of fat and unsaponifiable material fall 
within the rather wide limits obseiwed in normal organ tissues. In accord- 
ance with previous reports the iodine number of the fatt}' acids was 
high but the cholesterol distribution was not unusual. -About 30 per cent 
of the fatty acids was free. The remaining acids were combined as simple 
glycerides. There was also present a small amount of phosphatide which 
was not removed during the purification. 

* This work was aided by a grant from The International Cancer Research 
1 oundation. 
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The fatty acids were fractionated by way of the lead salts in alcohol 
and ether and the lithium salts in acetone, and were then converted to 
the methyl esters and fractionally distilled. In Table II is presented the 


Tabu: I 

Composition of the Acetone-Soluble Fat of Transplanted Rat Tumors Initiated ly 

Cysticercus fasciolaris 


Substance 

Per cent of 
acetone-soluble fit 

1 

66.3 


20.3 

Total cholesterol 

24.4* 

Free ** 

18.4* 

Unidentified unsapooifiable material 

4.S 

Glycerol 

4.4 

Glycerophosphoric acid 

0.21 

Choline 

0.28 

Acid No. of fat 

40.1 

Volatile fatty acids 

Trace 

Iodine No. of fat 

91.9 


96 




* Expressed as per cent of the total dry weight of the tumor tissue, these values 
are as follows: total cholesterol 0,95 and free cholesterol 0.72 per cent, respectively. 


Tabu: II 

The Fatty Acids of the Acetone-Soluble Fat of Transplanted Bat Tumors Initiated i} 

Cysticercus fasciolaris 


Acid 

-1 

Per cent of 
total adds 


1 


23 


14 


1 


Trace 


3.5 


28 


10.5 


13 


6 


^ 


observed distribution of the fatty acids. The major saturated aci 
isolated in sufficiently pure form for positive identification. 
saturated acids were separated into groups homogeneous wit resp 
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the number of carbon atoms but not with respect to the number of double 
bonds. Although the amounts of unsaturated C 20 and C 22 acids greatly 
e.\ceed the values for normal rat carcass glycerides (6), they correspond 
in certain respects to those reported for ox, pig, and sheep liver glycerides 
(7) and to the total carcass acids of rats fed high fat diets, particularly 
diets containing 40 per cent cod liver oil (8). It should be noted that, 
although Cyslicercus rat tumors arise in the liver, they do not represent 
malignant transformations of functional liver cells, and hence comparison 
uuth liver glycerides must be interpreted with caution. 

As far as could be determined the unsaturated acids of the Cis series 
consisted entirely of oleic and linoleic acids. Linoleic acid was isolated 
and identified through its crj'stalline tetrabromide. Oleic acid was not 
isolated in pure form but its presence in the octadecenoic acid fraction 
was demonstrated. The unsaturated C 20 acids were a mixture of com- 
ponents containing one to four double bonds and the C 22 group contained 
acids Avith four or more double bonds. 

EXPERIMEN'TAL 

The tumor tissue consisted entirely of transplants of tumors initiated 
in rats by the administration of the eggs of Taenia iaeniafomis. Rats four 
to seven months of age of the same inbred strains as the primary hosts 
were employed. They were maintained on a stock diet of bread dipped 
in milk, yellow com, and a variety of greens. When the tumors reached 
an approximate weight of 50 gm., from an implant of 2 mg. in the sub- 
cutaneous tissue, they were excised, dissected free of normal and necrotic 
tissue, cut into small pieces, and stored in alcohol. Histologically they 
were of three types, in which the cells were predominantly spindle cells, 
polymorphous cells, and plasma cells respectively. 

Before extraction the coarsely minced tissue was reduced to a fine pulp 
under alcohol in a Waring blendor. Extraction was carried out by allow- 
ing the pulp to stand with occasional shaking under a series of solvents 
at room temperature. The pulp was extracted in this manner twice with 
5 liters of alcohol, once with 5 liters of acetone, and twice with 4 liters of 
ether. The insoluble residue was then extracted three times with 4 liters 
of a boiling 3:1 methanol-chloroform mixture. .A.fter each extraction 
the suspension was filtered by suction through washed canvas and filter 
paper. The clear solutions were concentrated under reduced pressure at 
a bath temperature of 45-50°. The alcohol extracts, which contained 
most of the tissue water, were concentrated until most of the alcohol was 
removed and were then extracted with ether. Subsequent extracts, 
after filtration and removal of the solvent, were dissolved in 2 to 3 volumes 
of ether. In each case the ether solution was chilled overnight and cen- 
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trifuged to remove ether-insoluble material, and the clear solutions pouied 
into 3 to 4 times their volume of cold acetone. The resulting precipitates 
were filtered off, washed with acetone, and set aside for separate study. 
The filtrates and washings were combined, evaporated in vacuo, and dis- 
solved in ether. A small flocculent precipitate appeared on chilling and 
was filtered off. The filtrate was shaken twice with water to remove 
water-insoluble impurities and the ether layer was dried over sodium 
sulfate. Only a trace of precipitate appeared when the dried ether solution 
was poured into acetone. The acetone was distilled from the filtered 
solution under reduced pressure and the residual reddish oil was dried 
in vacuo over phosphorus pentoxide to constant weight. 

The aqueous washings and the water-soluble portions of the alcohol 
extracts were taken to dryness in vacuo with the addition of amyl alcohol 
to prevent excessive foaming. The residue was extracted repeatedly 

Table III 


Crude Frachons of the Transplanted Rat Tumors Initiated by Cysticcrcus fasciolans 


TracUou 

Weight 

Per cent of 
lotaUry tumor 

j 

Acetone-soluble fat . . . I 

sm 

63 1 

3.93 

Acetone-insoluble lipids 

40 ' 

2.49 

Ether-insoluble lipids 

C 

0 37 

Water-soluble fraction of crude lipid extracts 
Alcohol-soluble . . 

32 

2.0 

Alcohol-insoluble 

lie 

1 .2 

Residue . 

1 1346 

83 9 

Total dry weight 

1603 

1 

_____ — 


w ith hot absolute alcohol and the insoluble portion rubbed under a co o^ 
until it was reduced to a powder. The alcohol-soluble portion on 
of the solvent formed a dark gum. Table III gives a summarj o 
crude extracts. _ 

Saponification of the Fat — ^The fat was saponified with an 
potassium hydroxide in 90 per cent alcohol on the steam bath for 
ilost of the alcohol was removed iti vacuo and the residue ® 

water and extracted with ether. The ether solution was ® 

v\atei, evaporated, and the residue resaponified for 4 hours. . 
amounts of additional soaps so obtained were added to the 'friction 
the fattj' acids were isolated in the usual \\ ay. The water-so u 
vas neutralized and evaporated to diymess in vacuo. The yrnt 

fraction was likewise freed of solvent and leservmd for su 
examination. 
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Preliminary Fractionation of the Acids — The separation of the saturate! 
and unsaturated acids was undertaken before distillation of the esters. 
Although this procedure reduced the volume of material available for a 
single distillation and hence decreased the distillation accuracy, it elimi- 
nated the need for separate salt fractionations on the niunerous small 
distillation fractions. It also reduced to a TninimuTri the amount of time 
in which the more labile unsaturated esters were subjected to distillation 
conditions. 

The saturated acids were isolated from the crude mixture by two precip- 
itations of the lead salts from alcohol according to the Twitchell pro- 
cedure (9) and the lead salts were extracted with warm ether. The 
resulting insoluble salts were filtered off, washed with ether, and converted 
to the free acids. Diazomethane in ether solution (10) was used as the 
esterifying agent. The excess reagent and solvent were distilled off 
after standing for 1 hour at room temperature. 

The alcoholic filtrate from the lead salt precipitation of the saturated 
acids was combined with the alcohol and ether washings and evaporated 
in vacuo. From the residue the free unsaturated acids were obtained by 
shaking with dilute hydrochloiic acid and ether. The resulting acids 
were dissolved in 4 volumes of acetone and neutralized to phenolphthalein 
with 10 per cent lithium hydi’oxide in water. Acetone was added imtil a 
concentration of 95 per cent was reached and the nuxture was chilled 
overnight. The precipitate was filtered, and washed with cold acetone. 
This procedure separated the major portion of the oleic and linoleic acids 
as the insoluble lithium salts and left the higher unsaturated acids in 
solution (11). The free acids were recovered from both of the lithium 
salt fractions and esterified with diazomethane. 

The results of the salt fractionations are summarized in Table It 
can be seen that the lithium salt fractionation effectiveb’ isolated the 
higher unsaturated fraction. As shown by the subsequent distillation, 
the molecular weights of the acids forming soluble lithium salts were 
higher than those in the other fractions. However, the average value 
obsen^ed by titration of a sample of the undistilled material was mislead- 
ingly high because impurities tended to be concentrated in that fraction. 

Distillation of the Methyl Esters — ^The methyl esters of the three groups 
of acids resulting from the salt fractionation were fractionalh' distilled 
at a pressure of 1 mm. The column employed was originall}" constructed 
in a slightly different form for the distillation of small amounts of esters 
of branched chain fattj' acids and has been briefly described (12). It 
is shown diagrammaticallj' in Fig, 1, together with the essential details of 
construction. 

In carrying out a distillation the system was evacuated to the desired 
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pressure and the pot, B, heated in a Woods metal bath until the lower 
part of the spiral packing was wet. The jacket temperature was then 
slowly raised until the reflux reached the top of the column. The tem- 
perature of the supplementary heater was slowly raised until distillation 
occurred at a rate of 0.2 to 0.5 cc. per hour. Both jacket and pot tem- 
peratures were adjusted so that distillation slowed down and stopped 
when they were lowered a few degrees. In the transition region between 
components the jacket and pot temperatures were raised by small incre- 
ments and small fractions taken until a steady state was again established. 

The progress of the distillation was followed by measurements of re- 
fractive index. Saturated esters isolated in pure form and unsaturated 
esters essentially homogeneous wdth respect to the number of carbon 
atoms represent plateaus in the distillation curve in which the refractive 
index was determined at several points and remained constant or showed 
only slight drift. The saturated members were identified by melting 


Table IV 

The Properties of the Fractions Obtained by Salt Fractionation of the Total Acids from 
17. 4£ Gm. of Acetone~Soluble Fat 


Fraction 

No. 

Source 

Weight 

I'er cent 
of total 1 
acids j 

1 

Iodine 

No. 

Ncutrtl 

cquivslecl 

1 

Ether-insoluble lead salts 

gm. 

4.39 

38.2 

1.9 

265 

2 

Acetone-insoluble lithium salts 

4.30 

36.1 

124 

283 

3 

Acetone-soluble lithium salts 

1 

2.70 

25.7 

242 

361 


point and refractive index of the methyl ester and by the neutral 
lent and melting point of the free acid. Iodine numbers of the unsatura 
esters were determined by the method of ’Yasuda (15). Samples were 
then hydrogenated with platinum oxide catalyst, and the reduce 
and corresponding acids characterized in the manner described a ov ^ 
Saponification of the esters was effected with 10 per cent potassium 3^- 
droxide in 90 per cent alcohol on the steam bath. The free aci s 
crystallized once from a small volume of acetone. Titrations 
out in benzene with alcoholic potassium hydroxide to a pheno p 
end-point. . liYe 

As far as can be judged from an evaluation of the procedures ® 
accuracy of the distillation figures is ±5 per cent or better for ® ^ 
components. In making the calculations the small per cent of bom 
impurity in the constant boiling fractions has been neglec e • 
w'ere small polymerized distillation residues which were a so n^ 
since their source could not be accurately assigned. Presuma 
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Flo. 1. Diagram of apparatus used in the fractional distillation of small amounts 
of methyl esters. The column, A, is of 4 mm. internal diameter and 30 cm. long. 
It is packed with a close fitting spiral, 6 to 8 turns per inch, of No. 22 stainless steel 
wire or glass of corresponding gage, as introduced by Podbelniak (13). The column 
is attached to the still head, F, by a 12/30 ground glass joint and to the pot, B, of 
20 cc. capacity, by a 14/20 ground glass joint. These joints are lubricated with 
bicycle graphite. The jacket, C, consists of concentric tubes of 25 and 50 mm. 
diameter respectively. The inner jacket tube rests on a constriction at the bottom 
of the outer tube, and is centered at the top by a grooved Transite disk, D. Through 
the disk, D, is inserted a thermometer, T, and the junction of the column and still 
head. In the outer annular space of the jacket are strung 3 coiled springs, H, of 
No. 24 nichrome wire attached to binding posts inserted through the outer jacket 
tube. These strands, which contain a total of 12 feet of wire, are connected to form 
a single heating element controlled by a variable transformer. The inner annular 
space, between the column. A, and the inner jacket tube, contains two asbestos 
baffles, W, which help maintain the temperature gradient. The still head is similar 
to one employed on a column of slightly larger capacity by Klenk and Schuwirth 
(14). It is attached to the column by a 12/30 male joint, which is cut at a 45° angle 
at the bottom to prevent a tendency to flood at that point. Distillate is taken off 
through the capillary, E, which has a 0.5 mm. bore. The vacuum line is attached 
at K. In order to facilitate control of distillation rate and prevent solidification 
in the capillary the segment of the head between the disk, D, and the capillary is 
insulated with asbestos. The asbestos is wound with a few turns of nichrome wire, 
which is continued around the capillary as far as the receiver where it is secured by a 
biiiding strip. This supplementary heater, which is not shown in the diagram, is 
controlled by a variable transformer. The receiver, G, is 60 mm. in diameter and 
extends 90 cm. below the junction of the capillary. It is fitted with a No. 12 rubber 
stopper through the center of which is a 14/30 ground glass joint, J. The eight 
receiving tubes, R, are of 1 cc. capacity and set in holes in the perimeter of a copper 
disk mounted on a shaft through J. The rubber stopper should be lubricated with 
glycerol before each run. 
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arose chiefly from the higher unsaturated esters, and hence the figures 
for these components are probably too low. The compositions of the 
three main groups of acids were determined separately and multiplied 
by the appropriate factors to give the figures in Table II. 

The Saturated Adds — ^The results for this group are shown in Table T. 
As in most mammalian fats palmitic acid was the predominant saturated 
acid. Together with stearic acid it constituted more than 95 per cent 
of the saturated fraction. The esters of these acids were obtained in 
comparatively pure form, as indicated bj' the physical constants. Lower 
and higher members of the saturated series did not occur in amounts 
sufiScient for purification and positive identification. From the boiling 
range in which they were obtained it is assumed that they were chiefl.v 
myristic and n-eicosanoic acids. 


Table V 


The Saturated Acids and Their Methyl Esters 


Hg 



Methyl esters 


Free acids 


Acid composition 

Weight 

Refractive indev, 

m p. 

m.p. 

Xwtral 

emuTi- 

IfDt 

1 

Palmitic and lower acids 

gm. 

0.81 


•c. 

•c. . 

245 

2 

“ acid 

4.49 

1.4318 

28.8 

62.1 

257° 

3 

“ and stearic acids 

1.82 

1.4321-1.4344 


55 

272 

4 

Stearic acid 

2.89 

1.4348 

38.6 

69.2 

2841 

5 

“ and higher acids 

0.33 

1.4355-1.4379 


67 

295 


* Palmitic acid, m.p. 62.9°, mol. wt. 256; methyl palmitate, m.p. 29.8°. 
t Stearic acid, m.p. 69.8°, mol.wt. 284; methyl stearate, m.p. 38.7°. 


Unsaturated Adds Which Formed Lithium Salts Insoluble in Acetone— 
The erode estei-s of this fraction weighed 9.7 gm. and represented aci -- 
containing 14 to 22 carbon atoms. Table YI. Esters of the acids con 
taming 14 or fewer carbon atoms occurred in amounts too small for pijn 
fication. The first constant boiling fraction consisted of esters o ! 
acids. A sample weighing 304 mg. was hydrogenated in methanol so a 
tion. The saturated ester obtained after filtration of the j 

and removal of the solvent melted at 27.8°. On saponification it yie 
268 mg. of palmitic acid, m.p. 61.8°. From the yield of pahm ic 
obtained and the iodine number of the original unsaturated ester i ^ 
be concluded that the Ci^ acid wms palmitoleic acid containing a ou 
per cent of palmitic acid. 

The major fraction in this group consisted of esters of the (^[ 

Cis acids. The iodine number and index of refraction of the esters in 
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a mixture of 25 to 30 per ceut of methyl linolate and 70 to 75 per cent of 
methyl oleate. A portion of the ester was saponified and the free acids 
isolated and freed of traces of solvent and color by molecular distillation 
at a pressure of 0.05 mm. A sample of the distilled acids weighing 2.95 
gm. was brominated in 25 cc. of low boiling petroleum ether at 0°. The 
cr 3 'stalline precipitate weighed 0.82 gm. and melted at 112.5°. After 
one crystallization from ligroin the melting point rose to 113.5° and mixed 
with an authentic sample of tetrabromostearic acid (m.p. 114°); prepared 
from com oil, it melted at 114°. If the yield of tetrabromide was 50 per 
cent, then linoleic acid constituted 25.9 per cent of the fraction under in- 

Table VI 


Unsaturaied Acids with Lithium Salts Insoluble in Acetone 


Fraction 

No. 



Methyl esters 


Reduced acids 

atoms in 
acids 

Weight j 

Reiractite indet, 

«20 

”d 

Iodine 

No 

m p 

Neutral 
equi\ alent 


Up to 16 

0.14 1 

1.4441 

55 

“c. ! 

43 

236 


16 

0.55 1 

1.4499 

1 70 

61.8 

258* 


16-18 

0.89 

1.4499-1.4561 

1 93 

57 

272 


18 

7.05 1 

1.4550-1.4558 | 

lOS 

69.4 

284t 


18-20 

0-.45 ' 

1 4558-1.4620 

128 

64 

292 


20-22 

0.52 

1.4620-1.4730 

144 

71 

320 


* Palmitic acid, m.p. 62.9°, mol. wt. 256. 
t Stearic acid, m.p. 69.8°, mol, wf . 284. 


vestigation, which falls within the range indicated by the iodine number 
and index of refraction of the methyl esters. 

Analysis — 14.61 mg. brorao acid; 18.10 mg. AgBr 

CisHjjOjBrj. Calculated, Br63.3; found, 52.7 

There was no ether-insoluble polj’bromide, and hence no detectable 
linolenic acid. The remainder of the Cis acid must therefore have been 
oleic acid together tvith possible traces of stearic acid. An attempt was 
made to characterize the oleic acid b\' ozonization. 2.0 gm. of the un- 
saturated Ci8 acids were dissolved in 10 cc. of chloroform and an excess 
of ozone passed through the solution at 0°. The solvent was taken off 
at 35° in vacuo and the ozonides decomposed bj’ stirring for 1 hour at 80° 
in water containing a few per cent of hj'drogen pero.xide. The product 
was extracted from the aqueous suspension with ether, washed wth 
small volumes of dilute ferrous ammonium sulfate and water, dried over 
sodium sulfate, and evaporated. The residue was extracted with cold 




720 


CY8TICERCDS FASCIOLAEIS. HI 


low boiling petroleum ether and the insoluble portion, which weighed 
0.4 gm., was reorystallized from water after filtering off a small amount 
of water-insoluble giun. There was obtained 0.25 gm. of azelaic acid 
which melted at 101°. On recrystallization from water it melted at 103° 
and had a neutral eqmvalent of 95; pure azelaic acid, with a neutral 
equivalent of 94, melts at 106°. The yield of purified azelaic acid obtained, 
although poor, was comparable with that obtained in control experiments 
on known acids and indicates that the monounsaturated acid was ordinary 
oleic acid. 

The two final distillation fractions in this group were mixtures as indi- 
cated by the neutral equivalents of the free acids obtained after reduction 
and saponification. Both fractions gave small amounts of ether-insoluble 

Table VII 


The UnsalwaUd Acids with Lithium Salts Soluble in Acetone 


Fraction 

No. 

No. ot 
carbon 
atoms in 
acids 

Methyl esters 

Reduced 

esters 


Weight 1 

Rctcscth’c 

."o 

Iodine I 
No. 


m.p. 

Kciteii 

equivilttt 



grt. 



'c. 

•C. 


1 

18 

0.85 

1.4610 

132 

38.1 

69.1 

2S4* 

2 

18-20 

1.27 

1.4610-1.4785 




296 

3 

20 

1.04 

1.4785-1.4789 

257 

44.5 

74.6 

314t 

4 

20-22 

0.78 

1.4789-1.4876 




322 

5 

22 

0.60 

1.4877-1.4889 

288 

51 

77 

336f 


* Methyl stearate, m.p. 38.7°; stearic acid, m.p. 69.8°, mol. wt. 284. 
t Methyl eicosanoate, m.p. 45.8°; eicosanoic acid, m.p. 75.6°, mol. wt. 312. 
t Methyl dooosanoate: m.p. 52.7°; docosanoic acid, m.p. 79.9°, mol. wt. 340. 


bromides. The final fraction, which was approximately' 57 per cent 
and 43 per cent C 22 , had an iodine number of 144. This was less than t s 
calculated value for two double bonds (C 2 i)Hs 502 CHs, iodine number 15 )• 
Since there were no detectable saturated acids present, the unsaturaf 
acids contained one or tw'o double bonds or both. 

Acids Which Formed Lithium Salts Soluble in Acetone — Estem 0 un 
saturated acids of the Cis, C 2 o, and C 22 series w'ere present in this group- 
They are listed in Table ni together wdth the intermediate frac ion-- 
No trace of an acid lower than Cis could be detected. The only 
reduction product of the octadecenoic esters was methyl stearate, 'r 
110 mg. of the free acid there w’ere obtained, on bromination in pe j_ 
ether at 0°, 120 mg. of polybromide w'hich melted at 1 13° after one rec^ a 
lization from ligroin. These results indicate that the fraction vas aig 
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linoleic acid. The low iodine number cannot be explained with the avail- 
able data. Corresponding acid fractions from animal sources have fre- 
quently been observed to give low rather than high jdelds of the crystalline 
tetrabromide, a result w'hich has been attributed to the presence of isomeric 
acids (16, 17). 

Analysis — 19.03 and 22.78 mg. of tetrabromide: 22.55 and 26.86 mg. AgBr 
CisHjsOjBrj. Calculated, Br 53.3; found, Br 50.4, 50.2 

The second constant boiling fraction, as shown by its hydrogenation 
product, consisted of esters of unsaturated acids of the C 20 series. Cal- 
culated from the iodine number the average number of double bonds in 
this group was 3.2 per molecule. It therefore consisted of esters con- 
taining four or more double bonds, together with esters of lower unsatura- 
tion, the presence of which had previously been demonstrated in the acids 
which formed acetone-insoluble lithium salts. The polybromide addition 
product, a mixture, was insoluble in ether and decomposed on heating. 
It contained slightly more than 6 bromine atoms per molecule. 

Analysis — 90 mg. Cio acid yielded 320 mg. of polybromide; 19.47 and 20.80 mg. 
polybromide: 29.09 and 30.98 mg. AgBr 

CjoHsiOjBrj. Calculated, Br 61.07; found, 63.58, 63.38 

The final distillation fractions still showed a drift in index of refraction. 
From the final 0.6 gm. of esters there was obtained after hydrogenation 
and saponification an acid which corresponded in properties with n- 
docosanoic acid containing about 8 per cent of n-eicosanoic acid, as indi- 
cated by the neutral equivalent and low melting point. The unsaturated 
ester contained approximately four double bonds per molecule. 

The Unsaponifiable Fraction — A sample of the acetone-soluble fat 
weighing 0.1500 gm. was dissolved in 5 cc. of 95 per cent alcohol and 
treated with 12 cc. of a 1 per cent solution of purified digitonin. The 
precipitate was filtered through a tared sintered glass funnel after standing 
for 12 hours, washed with a few cc. of 80 per cent alcohol, and dried at 
110°. The precipitate weighed 0.110 gm., which corresponded to 0.0275 
gm. of free cholesterol or 18.4 per cent of the acetone-soluble fat. 

A sample of the fat which weighed 17.42 gm. yielded on saponification 
in the manner previously described 5.02 gm. of unsaponifiable material 
which corresponded to 28.8 per cent of the acetone-soluble fat. From 
this material there were obtained by fractional crystallization from alcohol 
4.04 gm. of crude cholesterol. After treatment with norit and one recrys- 
tallization from alcohol it melted at 146° [a] = —40.72° (0.0980 gm. 

in 3.0 cc. of chloroform). The acetate was prepared by reflu-xing a small 
sample for 40 minutes in 5 times its weight of acetic anhydride. After 
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recrystallization from alcohol and acetone the acetate melted at 116.2'' 
and gave no depression in mixed melting point inth cholesterol acetate. 

The residual unsaponifiable material obtained from the final cholesterol 
mother liquors was a reddish brown solid with an iodine number of 76.5. 

The Water-SoluUe Fraction — ^The dried water-soluble fraction of the fat, 
prepared as described in a preceding section, gave a negative Molisch 
test. In order to remove the potassium chloride the material was extracted 
with hot absolute alcohol and filtered. The alcoholic solution was evap- 
orated and reextracted in the same manner and the process was repeated 
again. The final alcoholic solution was evaporated and the residue was 
dissolved in water and passed through small columns of ion exchange 
resins, Amberlite 1-E.-100 and prepared as described by McCready 
and Hassid (18). From the final filtrate there was obtained a clear 
almost colorless sample of glycerol which yielded a tribenzoate meltmg 
at 75.8°, mixed melting point 76°. The gljmerol so obtained from 31 gm. 
of fat weighed 1.36 gm. When corrections are made for the free fatty 
acids and the unsaponifiable material, the recovery of glycerol is 86 per 
cent of the theoretical. 

The 1-II-4 resin wms eluted ndth 5 per cent ammonia and the eluate 
evaporated to dryness in vacuo and dissolved in 5 cc. of water. A small 
excess of barium hydroxide solution was added and the resulting few mg. 
of inorganic precipitate filtered off. To the filtrate were added 2 volumes 
of alcohol. The precipitate w'as centrifuged off and reprecipitated twiM 
from small volumes of water by addition of alcohol. There were obtained 
116 mg. of a white powder which was shown by analysis to be banum 
glycerophosphate. For the determination of glycerol the apparatus o 
Elek (19) was employed. 

Analysis — CjH,OjPBa 

Calculated. P 10.09, Ba 44.7, glycerol 30.0 
Found. “ 9.23, “ 42.6, “ 28.1 

The l-R-lOO resin was eluted with 4 per cent hydrochloric acid 
eluate evaporated to dryness in vacuo. The residue was disolve ^ 
absolute alcohol and treated with a small excess of an alcoholic ^ , 
of chloroplatinic acid. There were obtained 221 mg. of the 
choline chloroplatinate which gave the characteristic odor of 
mine on ignition. For analysis the salt was recrystallized from 
alcohol. 

Analysis— (CsH„NOCl),PtCl.. Calculated, Pt 31.7; found, 30.8 

SUMMARY , 

1. The extraction and partial fractionation of the lipids of ^ 
rat tumors initiated by Cysiicercus fasciolaris have been descn e 
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2. The acetone-soluble fat has been examined. It contains ordinary 
glycerides, a large amount of free fatty acids, and 28.8 per cent of un- 
saponifiable material, chiefly cholesterol. 

3. The fatty acid distribution has been determined by salt fractionation 
and fractional distillation of the methyl esters. It is characterized bj’' a 
high content of linoleic acid and unsaturated acids of the C 20 and C 22 
series. 
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In 1877 Pasteur (1) reported that animals injected with an inoculum 
containing a mixture of Bacillus anthracis and certain other common bacilli 
failed to develop anthrax. 10 years later, in 1887, Emmerich (2) during a 
demonstration before his class accidentally discovered that a guinea pig 
which had been previously injected with a culture of Streptococcus ery- 
sipelatis did not develop cholera when inoculated with Vibrio cholcrae. He 
immediately recognized the significance of this discovery and proceeded to 
prevent anthrax in experimental animals by administering cultures of 
Streptococcus erysipelatis prior to the injection of a B. anthracis culture. 
2 years later Bouchard (3) observed that the injection of small quantities of 
cultures of Pseudomonas aeruginosa {Bacillus pyocyaneus) prevented the 
development of anthrax in rabbits which had been previously injected with 
a virulent culture of B. anthracis. Woodhead and Wood in 1889 (4) carried 
the work a step farther by showing that sterilized cultures of Ps. aeruginosa 
had the same effect. During the same period in vitro studies by Charrin 
and Guignard (5) and Blagovestchensky (G) demonstrated that Ps. 
aeruginosa, or the filtrates from cultures of this organism, would destroy B. 
anthracis. Furthermore, von Freudenreich (7) showed that filtrates from 
4 to G week-old cultures of Ps. aeruginosa would not support the growth of 
several pathogenic microorganisms. Emmerich and Low (8) used a cell- 
free culture fluid of Ps. aeruginosa, which had been concentrated to one- 
tenth of its original volume, to prevent the development of anthrax in rab- 

* The work described in this paper was done under a contract, recommended b 3 ' 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and St. Louis University. 
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bits which had been inoculated with B. anthracis. In vitro this product 
destroyed Corynebaclerium diphtheriae, staphylococci, streptococci, pneu- 
mococci, gonococci. Vibrio cJwlerae, and Shigella parody senleriae. 0\\ing 
to certain enzymatic activities of this product Emmerich named it pyo- 
cyanase. Although these early observations led to the commercial produc- 
tion of the product, pyocyanase, which was extensively used in the therapy 
of diphtheria, grippe, and meningitis, its use gradually fell into disrepute, 
probably because the concerns engaged in its manufacture failed to supply 
a potent product. 

During the course of the next few years there was considerable con- 
troversy over the nature of pyocyanase. Although Emmerich had shoim 
its heat stability, he was reluctant to concede that the antibiotic activity 
was not enzymatic in nature (IQimoff (9) and Dietrich (10)). Furthermore, 
he was unwilling to admit that the bactericidal effect was due to the lipids 
derived from the organism. Later several investigators, Raubitschek and 
Russ (11), Fukuhara (12), and Ohkubo (13), not only showed that nearly 
all of the bactericidal material could be extracted from the commercial 
pyocyanase with lipid solvents but that extraction of the cells of Psew- 
dotnonas aeruginosa with alcohol yielded a potent preparation, a findmg 
which conforms vith our observation that the antibiotic substances ob- 
tained from the cells are readily soluble in organic solvents. Subsequent 
investigators have worked chiefly with lipid extracts. 

In 1911, Fukuhara ( 12 ) showed that exposure of the viruses of vaccinia, 
rabies, and hen pest to the pyocyanase lipid prevented the appearance o 
the respective diseases in rabbits or chickens inoculated vdth the treated 
virus. 

In spite of the promising results obtained by the early workers, the dim 
cal use of pyocyanase was more or less abandoned. Bocchia (14) •o'd’ 
that an aqueous solution prepared by passing the culture fluid throug 3 
Berkefeld filter, a process similar to that introduced hy Emmerich and pm 
sumably used in commercial production, had only a weak 
action, and, therefore, could not be recommended for clinical practice. ^ 
experience was confirmed by Wagner (15). Such a filtrate would 
little antibiotic potency, as most of the active material was removed m 
the cell bodies. Furthermore, in 1935, Kramer (16) showed 
strains of Pseudomonas aeruginosa do not produce pyrncymnase an 
actively producing strains may lose this ability. . tt i- ihaia 

Following the work of Raubitschek and Russ, Ohkubo, and .3 

several investigators studied the lipids of Pseudomonas aeruginosa. ’ 

(17), in 1928, obtained a crystalline product which was only 

solvents. Although some qualitative reactions were descnbe , ^ 

evidence of isolation was the crystalline character. In the form 
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pension this product killed Coryncbacterium diphtheriae, Shigella parady- 
senteriae, Bacillus anthracis, Staphylococcus albus, and certain streptococci. 
Gundel and Wagner (18) concluded that the antibiotic potency of lipid 
extracts of the organism was due to their fatty acid content. Hettche (1&- 
23) reported that commercial pyocyanase possessed little activity. The 
lipid which he obtained from dried Pseudomonas aeruginosa was fractionated 
and the separate fractions tested. He concluded that the bactericidal 
property was due chiefly to liquid fatty acids. Birch-Hirschfeld (24) also 
studied the production and properties of pyocyanase and obtained a crystal- 
line product which was not identified. The hemolytic activity, bactericidal 
activity, and surface tension of a solution of this product were comparable. 
Schoental (25) isolated pyocyanine (previously studied by several investiga- 
tors, see Hettche (19)), a-oxyphenazine (see Wrede and Strack (26-28)), 
and a pale yellow oil which possessed antibiotic properties. Although this 
product was studied both bacteriologically and chemically, it was not 
fractionated to obtain pure ciystalline antibiotics. 

At the time Schoental’s paper directed our attention to pyocyanase it 
had been reported (o) that Pseudomonas aeruginosa produces a substance 
that destroys several kinds of bacteria and viruses; (6) that the antibiotic 
substances belong to the lipid class or at least they are soluble in lipid sol- 
vents; (c) that strains of Pseudomonas aeruginosa may not produce these 
antibiotics and that a strain may lose its capacity to produce them; (d) 
that pyocyanase had been used successfully in the treatment of certain 
bacterial diseases. In spite of all the information which had been accumu- 
lating during the last half century, the antibiotic substances had never been 
isolated and characterized chemically and bacteriologically. 

Pseudomonas aeruginosa Used in Our Work 

Two cultures of Pseudomonas aeruginosa, obtained from lesions infected 
with this organism, have been employed for the production of the Pyo’ 
compounds in our investigation. One of these, P-SLU, a stock culture 
maintained in our laboratory’ for the past several years, produces acid with- 
out gas from glucose, but fails to attack xylose and galactose. It liquefies 
gelatin slowly and produces a chloroform-soluble, blue-green pigment. 

The use of the culture, P-SLU, was discontinued when the crude extracts 

r Since our work clearly shows that the antibiotics of Pseudomonas aeruginosa 
are not enzymes, ^’c are unwilling to use the old name, pyocyanase, ^ith its conno- 
tation of enzymatic character. Due to our inability at present to give names based 
on chemical constitution, we shall call the compounds in this report Pyo I, Pyo II, 
Pyo III, and Pyo IV, for historical reasons and for the purpose of correlating the 
older and later work. 
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failed to produce the usual yield of active material, although a study of the 
morphological and cultural characteristics of this organism indicated that 
the culture had not undergone any other recognizable alteration in these 
respects. 

The culture more recently employed, P-CC, vas isolated from a patient 
ivith chronic cystitis. These organisms display one polar flagellum and 
produce acid without gas from glucose, galactose, and xylose. They are 
regarded as being actively proteolytic, since they liquefy gelatin in les 
than 24 hours and completely digest litmus milk in less than 48 hours. A 
water-soluble, green fluorescent pigment is produced. Crude ertracts of 
the cells of 5 week-old cuItiuBS show high antibacterial titers. Throughout 
this study, the stock culture has been preserved by evaporation from the 
frozen state and subcultures are obtained periodically from this source. 

A comparative study of the two cultures was made to determine the cause 
of the sudden decline in the extractable potencj' of culture P-SLTJ. These 
two cultures were apparently identical in all respects ndth the e.\-ception of 
pyocyanine production and the slight variation in biochemical reactions. 
It was not until a comparative study of the respective colom'es vras made 
that a striking difference was observmd. Culture P-CC presented such a 
confusing variety of colony forms that it appeared on first inspection to be 
contaminated. Pigmentation varied from green fluorescent to white. 
Culture P-SLU was composed of a blue-green, pigmented colony and a 


larger, smooth, non-pigmented variety. 

Lartigau in 1898 (29), Hadley (30), and Kramer (16) called attention fa 
the fact that Pseudomonas aeruginosa is subject to variation under condi- 
tions of laboratory^ cultivation. Many strains lose their ability to 
the chloroform-soluble, blue-green pigment. When such strains are p t 
out, it is found that all of the colonies do not produce the blue-green co or, 
but some merely possess a yellowish fluorescent pigment. It appeoB 
fairly certain to us that this variation in pigment production alone ‘ 

for much of the confusion encountered in the literature concerning t e i 
tification and classification of this bacillus. It is also possible tha , 
the change in ability to produce pigment, there is a corresponding c Mo 
in othCT characteristics as well. Therefore, a detailed e.xamination 
various colony forms was undertaken in an attempt to 

changes, if any, for the purpose of isolating a strain capable of pr ^ = 

greater and consistent yield of the Pjm compounds. _ jp^cribedin 

By selective colony transfers and dissociation studies (to be ^ odaiii. 
detail elsewhere) it was possible to separate the P-CC variety 

In thismanner we have succeeded in isolating arough non-pi^ nvocriui®' 
responsible for Pjm production, and a str^ ® nnteinsamlv 

production which does not produce Pyo. When a colony c 
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ture of these two varieties, the appearance of the colony is primarily that 
of the pyocyanine-producing one, but when this mixture is separated there 
is a striking dissimilarity in colony morphology of the two constituents. 
By serological methods ^ve have found that the colony morphology may be 
correlated also with the antigenic pattern. 

Cellular extracts of 5 week-old cultures of the pyocyanine-producing 
strmn yield only negligible amoimts of the Pyo compounds. From aU of 
these results, it becomes possible to explain the decline in the ability of 
culture P-SLTJ to produce the Pyo compounds as being due to the loss of 
the potentiality for development of the round non-pigmented colony type. 

From our routine 5 week-old cultures of P-CC, two different strains of 
Pseudorr.onas aeru^nosa have been isolated. One of these, a facultative 
anaerobe growing abundantlv throughout the fluid medium, was a non-Pj'o 
producer, and the second, the Pyo producer, a strict aerobe responsible for 
the heavy pellicle formation and gummy material which settles to the bot- 
tom of the carboy after shaking. Thus it is important to break up the 
pelhcle formation on the surface and to aerate the medium by agitation. 

Production of Antibiotics h/ Pseudomonas aeru^nosa 

The beef extract-peptone broth which we employ as the culture medium 
has the following composition: Bacto-peptone (Difeo) 10 gm., beef extract 
(Difeo) 3 gm., sodium chloride (analytical reagent) 5 gm., distilled water to 
make 1000 ml. It is supplemented with glycerol to give a concentration 
of 1 per cent, as suggested by Schoental (25). The medium is adjusted to 
pH 7.5 to 7.8 with x sodium hydroxide solution. The medium is then 
placed in 12 liter Pyrex bottles (10 liters of medium per bottle) which are 
plugged with gauze-wTapped. non-absorbent cotton plugs, subjected to 
flowing steam for 1 hour, and then autoclaved at 15 pounds steam pressure 
foi 1 hour. After sterilization, the pH of this medium is approximately 
7.5. 

The inoculum is prepared by transferring the organism to a flask con- 
taining 100 to 150 ml. of peptone-water medium which is then incubated at 
37' for 24 hours and 5 to 10 ml. of this culture are pipetted into each bottle. 

The bottles are incubated in the dark in an upright position at 37° for a 
period of 5 weeks. At 7 to 10 day intervals, 100 ml. of sterile glycerol are 
added to each bottle and the containers shaken periodically to break up the 
heavy pellicle and to facilitate new growdh. Shorter periods of incubation 
(3 weeks) resulted in a lower yield, while longer periods (7 weeks or more) 
did not significantly increase the antibacterial actiiity. 

The yield of active material per liter of culture fiiud is approximately the 
same whether the bottles contain 5 or 10 liters of medium, or whether in- 
cubated in a vertical or horizontal position. 
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Assays 

It B'as obsen’ed early in our study that these Pyo compounds apparent!)’ 
affect the metabolism of Staphylococcus aureus in such a manner that the 
production of acid is inhibited when this organism is grou'n on a lactose- 
containing medium to which the Pj'o compounds have been added. Al- 
though we are unable to explain this phenomenon, it was used at the 
beginning of our investigation as the basis of an assay method. In this 
method the potency of the crude and purified materials was determined 
by the inliibition of lactose fermentation by Staph, aureus strain F. An 
effort was made to determine the “50 per cent acid inhibition” (determined 
by a bromocresol purple colorstandard) as an end-point. Theminimal quan- 
tity of antibacterial substance which would to this e.vtent inhibit acid pro- 
duction by the test oi^anisms in 2 ml. of lactose-bromocresol purple broth’ 
is referred to as the “50 per cent acid inhibition” unit. However, as it was 
difficult to determine this end-point accurately, a simpler method was later 
substituted. In this later method, suitable serial dilutions of the dissolved 
sample are incorporated in 1 ml. portions of the medium and inoculations 
are then made with an equal volume of Staph, aureus F culture (diluted 
1 : 1000 in peptone-water). These tubes, including suitable controls, are in- 
cubated at 37° for 18 hoursj and then inspected for visible evidence of bac- 
terial growth. Potency of the sample is recorded as the highest dilution of 
the substance which prevents grow'th under these conditions. Accordingly, 
our growth inhibition unit may be defined as the minimal amount of 
material necessary’ to inhibit growth completely in 1 ml. of the assay 
medium. Check assays with a standard clavacin preparation carried out 
each day gave remarkably consistent results. 

In a comparison of the two methods of assay, it was found that 1 growl 
inhibition unit is approximately equivalent to 2 of the “50 per cent acid 
inhibition” units. All assay values given in this paper are growth inhi i 
tion units unless otherwise noted. 

Extraction of Antibiotics of Pseudomonas aeruginosa 

After an incubation period of 5 weeks, the cultures which have becoinc 
very viscous are removed from the incubator and placed in the rcfrigcia or 
(5-8°) where they are allowed to remain overnight. The pH is lowcrc ^ 
3.5 with dilute hydrochloric acid, which causes the viscosity to ccon ^ 
nearly that of water, thus permitting the removal of the oiganismsb) 
of a Sharpies supercentrifuge. The precipitate of the 1 

persed in alcohol with a Waring blendor and repeatedly extracted wi ’ 

= An inoculum of 1 to 2 million organisms per ml. of medium was employed sa 
the culture incubated at 37° for IS hours. 
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95 per cent ethyl alcohol until the alcoholic extracts are colorless. The 
alcoholic extracts are combined and an aliquot taken for assay. 

During the early part of our ■work the culture fluid from ■which the or- 
ganisms had been removed was saturated with sodium chloride, acidified 
by adding 20 ml. of concentrated hydrochloric acid per liter, and extracted 
by stirring ■with one-fifth of its volume of butanol. The butanol was con- 
centrated under diminished pressure and the residue examined for antibiotic 
potency. Owing to the low potency and low yields of active material, this 
extraction was discontinued. 

However, before the butanol extraction was abandoned, some of these 
extracts were partitioned into sodium bicarbonate-soluble, carbonate-solu- 
ble, hydroxide-soluble, and neutral fractions. From the bicarbonate- 
soluble fraction, a yellow crystalline material was isolated. This substance 
sublimes at 230° and contains sulfur. Ultimate analysis and molecular 
weight determinations indicate the formula CioHgNSOa, but because of 
the low antibiotic actmty of this material and of the other fractions no 
further studies have been made. 

Fraclionation of Crude Antibiotic Extracts 

The crude alcoholic extract of the organisms is filtered through an asbes- 
tos mat to remove the last traces of suspended material and is then diluted 
with distilled water to a concentration of 80 per cent alcohol and repeatedly 
extracted ■with low boiling petroleum ether. This extraction removes a 
large part of the neutral fats and free fatty acids ivhich have a tendency to 
interfere with subsequent fractionation. Little antibiotic activity other 
than that due to the fatty acids themselves is removed during this 
extraction. 

The 80 per cent alcohol solution is evapora'ted at room temperature and 
the aqueous residue is extracted exhaustively wdth ether. The material 
in this ether solution is then partitioned into four fractions as outlined in 
Diagram 1. 

Table I illustrates the division of the total antibacterial activity in a 
typical crude extract. 

The purification of these extracts did not appear to be promising when it 
■R'as discovered that the sum of the antibiotic activities of the fractions ■\vas 
much less than the total activity of the unfractionated extract. Since our 
experience indicated a remarkable stability of the crude extracts, it seemed 
unlikely that this loss of potencj’^ was real. In an attempt to find the ex- 
planation for this behavior, it was observed that combinations of certain 
fractions were more potent than the sum of the potencies of the indi'vidual 
fractions. Table II gives some examples of such augmentation and shows 
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that recombination of the fractions of Table I in the same proportions as 
they occur in the crude extract accounts for all of the original potency. 

Pure, crystalline, active substances have been isolated from the 
carbonate-soluble and the neutral fractions. These substances have been 
designated Pyo I, Pj'O II, Pyo III, and Pyo IV, in the order of their isola- 
tion. Pyo II is obtained from the carbonate-soluble fraction and Pyo I, 
Pyo III, and Pyo IV are obtained from the neutral fraction. 


Diagram 1 


Crude extract in ether solution 
I 

1 Extracted 5 times with 0.1 voluino 
I aqueous 5 % XaHCOj 

I 


NaHCOa solution 


Ether solution 


Neutralized with 
HCl and exhaus- 
tively extracted 
with ether 


Extracted 5 times 
with 0.1 volume 
aqueous 5% 
NajCO, 


Ether solution. 
Bicarbonate- 
soluble frac- 
tion 

Large amount 
solid of low 
antibiotic 
potency 


1 

Aqueous 

solution 

Discarded 


NajCOj solution 


Ether solution 


Neutralized with 
HCl and exhaus- 
tively extracted 
with ether 


Extracted 5 
times with 
0.1 volume 
N NaOH 


Ether solution. 
Carbonate-sol- 
uble fraction 
Solids usually have 
potency of 300 or 
more units per 
mg. 


-Aqueous 

solution 

Discarded 


NaOH solution 

I Neutralized 
with HCl and 
exhaustively 
extracted 
with ether 


Ether solution. 
Neutral frac- 
tion 


Ether solution. 
NaOH-soluble 
fraction 


Aqueous solution 
Discarded 


In one experiment in which the bicarbonate-, carbonate-, and sodium 
hydroxide-soluble fractions were pooled and decolorized with charcoal, a 
white crystalline material was obtained. This substance melted’ at 18/ 
and did not contain nitrogen. Because of its low antibiotic activity an 
because subsequent batches of crude extracts did not yield this matena , 
it has not been further investigated. . ^ 

Bicarhonate-Soluhle Fraction — From the bicarbonate-soluble fraction 

’The Fisher-Johns apparatus was used to determine all melting points rep 
in this paper. 
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yellow crystalline material which sublimes at 220° has been isolated. It 
has a characteristic ultraviolet absorption spectrum and its ultimate analy- 
sis and molecular weight fit the formula ChHioNjOj. Because of its very 
low antibiotic activity this compound has not been investigated further. 

Carhonate-Soluble Fraction; Isolation of Pyo II — The carbonate-soluble 
fraction is dissolved in benzene and passed through a column (10 X 1 cm.) 
of dried oxalic acid. The activity remains on the column, whereas most of 
the solids and brown color are not retained. After thorough washing with 
benzene, the oxalic acid and adsorbed material are dissolved in a saturated 
solution of potassium bicarbonate and ether. The ether is then extracted 


Table I 

Partition of Typical Crude Extract 


Fraction 

Nature of material 

Weight 

Per cent 
of total 
weight 

Activity 

Total growth 
inhibition units 
in fraction 



gw. 


gr^th 
inhibition 
ttniir ptr 
wg. 


A 

Bicarbonate -soluble 

55.41 

43.2 

160 

8,800,000 

B 

Carbonate-soluble 

7.78 

6.1 


19,900,000 

C 

NaOH-soluble 

2.06 

1.6 

2560 

5,300,000 

D 

Neutral 

21.08 

16.4 

1280 

27,000,000 

E 

Petroleum ether-soluble 

41.82 

32.6 

40 

1,700,000 

Total 

128.15 

99.9 

1 

62,700,000 


The crude extract which was one of our best preparations contained 128.15 gm. 
of solids having a total potency of approximately 186,000,000 growth inhibition units; 
it was obtained from the organisms of 1250 liters of eulture media. Approximately 
97 gm. (Fractions A and E) did not contain the specific antibiotics of Pseudomonas 
aeruginosa and were discarded. 390 mg. of pure Pyo II were obtained from Fraction 
B. Although Fraction D has not been processed, other preparations of similar char- 
acter have given 50 to 100 mg. of pure Pyo III, and 250 to 400 mg. of a mixture of 
Pyo Ib and Pyo Ic per gm. of solids. 

four times with saturated potassium bicarbonate to remove the last traces 
of oxalic acid. The active material is then removed from the ether by six 
extractions with 5 per cent sodium carbonate and again transferred to ether 
hy extraction of the aqueous phase after acidification to pH 4 to 5 with 
hydrochloric acid. After being washed with water, the ether is distilled and 
the residue containing the active material is ciystallized from benzene. 
The crystals are dissolved in alcohol, decolorized with charcoal, and 
reciystallized from acetone, methanol, and finally from a small amount of 
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ethyl alcohol. This procedure jnelds a small amount of slightly yellow 
colored scales •which melt at 149°. 

While the above procedure gives the best results, crystalline Pj'o II may 
also be obtained by the following method ; The carbonate-soluble fraction is 
dissolved in the minimal amount of alcohol and poured into 10 volumes ofN 
sodium hydroxide. This alkaline solution is chilled and the soaps Oa^Eely 
sodium palmitate) are removed by filtration. This material is re- 
precipitated bj' dissol-ving in warm n sodium hydroxide and repeating the 


Table II 

Augmentation Studies of FTaciions Shown in Table I 


Tube 

Ko. 

Fraction 
A, bi- 
carbonate- 
soluble 

Fraction 
B, carbo- 
nate- 
soluble 

Fraction 
C, sodium 
hydforidc- 
soluble 

1 

Fraction 

D, 

neutral 

Fraction 
E, petrole- 
um ether- 
soluble 

Growth inhibiti 

^ By assay 

on units per Bf- 

By cilcublioa 


fjf. ftr ml. 

rtf- Per rtl. 

rif. per rd. 

mg. per rd. 

mg. per rd. 



1 

1.0 





>160, <320 


2 


1.0 




>2560, <5120 


3 



1.0 



>2560, <5120 


4 




1.0 


>1280, <2560 


5 


1 



1.0 

>40, <80 


6 

o.ss 

0.12 




>320, <640 

>448, <896 

7 

0.96 


0.04 



>320, <640 

>256, <512 

8 

0.72 



0.28 


>1280, <2560 

>473, <916 

9 

0.56 




0.44 

>40, <80 

>107, <214 

10 


O.SO 

0.20 



>2560, <5120 

>2560, <5120 

11 


0.2S 


0.72 


>2560, <5120 

>1638, <32<6 

12 


0.16 



0.84 

>320, <640 

>443, <886 

13 



0.10 

0.90 


>2560, <5120 

>1408, <2816 

14 



0.04 


0.96 

>40, <80 

>140, <280 

IS 

i 



0.34 

0.66 

>160, <320 

>461, <922 

16 

0.44 

0.06 

0.02 

0.16 

0.32 

>1280, <2560 

>492, <984 

17 


Tube 16, 1 

;3 


>1920, <3840 

>492, <984 

IS 



'■ 16, 1 

:5 


>1600, <3200 

>492, <984 


i au, II, ana 16 , me activit}' oi a nuxmre oi irauuuus ' , 

E (mi.xed in proportion to their occurrence in the original extract) is seen to bo a o 
1920 growth inhibition units per mg. From this x-alue the total activit} o 
crude extract can be calculated to be 246,000,000 units. 


chilling process. The combined sodium hj'droxide filtrates are treated 
with a slight excess of barium hydroxide and the last traces of ^ ° 
removed by filtering off their barium soaps. The alkaline filtrate is^ ea 
acidified with hydrochloric acid to pH 4 to 5 and the active 
recovered by ether ex-traction. The crystalline product is then 
in the maimer described above. Although Pyo II was isolated in 
ner over 2 years ago, this method has been abandoned in favor of the s o 
and more efficient procedure. 
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Sodium Hydroxidc-Sohibh Fraclion — From this fraction an additional 
amount of Pyo II may be obtained. The balance of the solids appears 
spectroscopically to consist of a mixture of compounds similar to that found 
in the neutral fraction. Repartition of this fraction results in only a small 
amount of solid remaining in the sodium hydroxide-soluble fraction. 

Neutral Fraclion; Preparation and Purification of Pyo 1, Pyo III, and Pyo 
IV — ^The neutral fraction, which is obtained as a brown oily residue, is 
dissolved in chloroform and poured on a column (20 X 5 cm.) of permutit 
which has been washed previously wdth chloroform. The column is washed 
with chloroform and appropriate fractions are collected. The first two or 
three fractions contain a brown oil which accounts for 25 to 50 per cent of 
the weight of the neutral fraction but continued ivashing removed only 
small additional amounts of material. The release of the adsorbed material 
is then accelerated by the addition of small amounts of absolute ethyl alco- 
hol to the chloroform. Successive fractions thus obtained from the column 
are studied spectroscopically* to ascertain the homogeneity of the eluted 
material. It was found that three characteristic absorption curves, later 
associated with the purified preparations of Pyo I, Pyo III, and Pyo IV, 
could be distinguished in the absorption curves of such fractions. By 
determination of the values of these fractions at the points of 

maximal absorption of pure Pyo I, Pyo III, and Pyo IV, the percentage of 
each can be approximated. (Fig. 1 shows the ultraviolet absorption spectra 
of successive fractions obtained from a typical column.) By this means it 
was found that first Pyo IV, then Pyo III, and finally Pyo I are eluted, 
while the pyocyanine remains on the permutit and can be removed only by 
washing -with ethyl alcohol. An example of the purification with a permutit 
column is given in Table III. 

Preparation of Pyo IV — ^As mentioned above, Pyo IV occurs in the first 
few fractions from the permutit column; it is contaminated with a large 
amount of reddish oil. The separation from this oily material is effected 
by adsorbing the mixture on a permutit column and fractional elution ■with 
low boiling petroleum ether containing a small proportion of ethanol. The 
red, oily components pass through the permutit rapidly, while the Pyo IV is 
removed more slowly. Alumina columns may be used in the same manner 
to effect this separation. The solid fractions shown spectroscopically to 
contain Pyo IV are pooled and crystallized first from a 1:1 mixture of 
methanol and low boiling petroleum ether, then from acetone, and finally 
from ethanol. Pyo IV is a colorless, crystalline (needles) substance which 
appears to have two allotropic forms; one melts at 131-132° and the other 
at 140°. 

*A Beejeman quartz spectrophotometer was used in the spectroscopic work re- 
ported in this paper. 



Tabm: hi 

Parlilion of Neutral Fractions by Means of Permutit Column 


A crude neutral fraction which weighed 10.48 gm. was dissolved in chloroform and 
poured on a column (20 X 5 cm.) of permutit which had been washed previously with 
chloroform. 


Frac- 

tion 

No. 

Volume 

of 

solvent 

Solvent used 

Weight of 
fraction 

Per cent Pyo III in Pyo I 


ml. 


mg. 


1 

1000 

Chloroform 

2436* 


2 

500 

(< 

106.7* 


3 

500 

0.5% ethyl alcohol in CHClj 

17.1 

12 

4 

200 

0.5% " “ 

70.7 

15 

6 

200 

0.5% “ " “ 

736 

30 

6 

200 

0.5% “ “ “ 

876 

35 

7 

200 

0.5% “ “ “ 

768 

15 

8 

200 

0.5% “ “ “ 

392 

11 

9 

200 

0.5% “ “ “ 

321 

12 

10 

200 

0.5% “ “ “ 

232 

12 

11 

200 

0.5% “ “ “ “ 

252 

12 

12 

200 

0.5% “ “ “ “ 

388 

10 

13 

200 

0.5% “ “ “ 

254 

10 

14 

200 

0.5% “ “ “ 

320 

10 

15 

200 

0.5% “ “ “ “ 

389 

6 

16 

200 

0.5% “ “ “ “ 

140 

5 

17 

200 

0,5% “ “ “ “ 

414 

5 

18 

200 

0.5% " “ “ 

303 

5 

19 

200 

0.5% “ “ » 

157 

5 

20 

200 

0.5% “ “ “ “ 

140 

3 

21 

200 

0.5% “ “ “ •< 

80.2 

2 

22 

200 

0.5% “ “ 

67.9 

2 

23 

200 

0.5% “ “ “ •• 

51.2 


24 

200 

0.5% “ “ " “ 

47.0 


25 

200 

0.5% “ “ " " 

76.8 

2 

26 

200 

0.5% “ “ “ “ 

63.9 


27 

200 

0.5% “ " " “ 

59.6 


28 

200 

1% ethyl alcohol in CHClj 

53.6 

Trace 

29 

200 

1%, " “ >< “ 

36.2 


30 

200 

1% “ “ “ “ 

46.7 


31 

200 

1% “ “ “ “ 

42.4 

Trace 

32 

400 

1% “ “ “ “ 

47.1 


33 

400 

1% “ “ “ “ 

38.1 

Crude Pyo I, no Pyo ^ 

34 

400 

2% “ “ “ “ 

17.3 


35 

200 

2% “ “ “ “ 

11.6 


36 

200 

2% “ “ “ “ 

13.3 


37 

200 

2% “ ** ** 

8.7 


38 

400 

5% “ “ “ “ 

18.lt 


39 

200 

95% “ 

36. 5t 


40 

400 

95% “ 

67. 6t 




* Brown oil. 
t Purple color. 
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Preparation of Pyo III — ^Fractions containing about 15 per cent Pyo III 
(such as Fractions 4, 7, and 8 in Table III) -(vere combined and passed 
through another column of permutit. The data are given in Table IV. 

The fractionation of the 1.23 gm. of material that contained 15 per cent 
Pyo III described in Table IV yielded 424 mg. (Fractions e to 1) wldch con- 
tained 55 to 60 per cent Pyo III and 602 mg. (Fractions n to r) -which con- 
tained 10 per cent or less Pyo III. Judging by the ultraviolet absorption 
spectra, the main component of Fractions n to r is Pyo I. (For purification 
see a subsequent section.) 



Flo. 1. Ultraviolet absorption spectra of successive fractions obtained from a 
permutit column. The curve number is the fraction number. 

Fractions from the columns containing 25 or more per cent of Pyo III 
(such as combined Fractions 5 and 6 from Table III) yielded Pyo III after 
repeated crystallization from mixtures of ethanol and acetone, methanol, 
benzene, and 50 per cent ethanol. After decolorization with norit A and 
crystallization from methanol, the final, colorless, crystalline (rectangular 
prisms) product melts at 152.8-153.5°. 

Preparation of Pyo Ib and Pyo Ic — ^Although Pyo I was obtained in 
crystalline form over 2k years ago, there was considerable imcertainty 
regarding its purity. Usually this material was obtained as beautiful 
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colorless cystals having a melting point of 129-130°. Repeated ciystalliza- 
tions of this product from a number of solvents did not raise the melting 
point. However, by adsorption of this material on a long (180 X 2.5 cm.) 
column of permutit and fractional elution with petroleum ether containing 
a small proportion of absolute ethyl alcohol, some material was recovered 
which melted at a higher temperature. If the higher melting fractions were 
combined and again passed, in the same manner, through a permutit 

Tabue IV 

Conceniraiion of Pyo III by Means of Permutit Column 
1.23 gm. containing about IS per cent Pyo III in Pyo I were dissolved in chloro- 
form and poured on a column (20 X 5 cm.) of permutit which had been washed with 
chloroform. 


Fraction 

Volume of 
solvent 



Solvent used 


Weight of 
fraction 

Per ceot 
Pyo III in 
Pyol 

a 

vd. 

600 

Chloroform 




mg. 

10.3* 


b 

1300 

0.25% ethyl alcohol in CHCIj 

9.4* 


c 

500 

0.25% 

tt 

44 

44 

44 

5.5* 


d 

500 

0.25% 

ti 

44 

44 

44 

11.7 

4 

e 

100 

0.25% 


44 

44 

44 

7.1 

SO 

f 

100 

0.25% 

it 

41 

44 

44 

16.6 

70 

g 

100 

0.25% 

it 

44 

44 

44 

24.9 

70 

h 

100 

0.25% 

<i 

44 

44 

44 

37.0 

70 

i 

100 

0.25% 

(( 

44 

44 

44 

53.0 

65 

j 

100 

0.25% 

4t 

44 

44 

44 

80.5 

k 

100 

0.25% 

H 

44 

44 

44 

84.0 

50 

1 

100 

0.25% 

(( 

44 

44 

44 

119.1 

in 

100 

0.25% 

(( 

44 

44 

44 

106.8 

15 

n 

100 

0.25% 

(4 

44 

44 

44 

82.1 

10 

o 

100 

0.25% 

44 

44 

44 

44 

57.3 

10 

p 

100 

0.25% 

44 

44 

44 

14 

46.8 

10 

q 

100 

0.25% 

44 

44 

44 

44 

43.0 


r 

100 

0.25% 

14 

44 

44 

44 

116.5 

7 


* Very crude. 


column, a small amoimt of a colorless crystalline product which melted at 
142-143° was obtained. 

In an effort to facilitate the fractionation of the material melting at 
130° into its component parts, the following empirical procedure w 
evolved. The Pyo I fraction, freed of Pyo III as described above, is 
solved in alcohol-free diethyl ether to give a solution having a concen ra 
of 1 mg. per ml. and this solution is extracted between 80 and 100 
one-tenth of its volume of either N potassium hydroxide or 0.1 N > 
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chloric acid. The ether solution is then shaken withN hydrochloric acid and 
allowed to stand overnight in the refrigerator in contact with the acid. A 
crystalline hydrochloride which appears in both the ether and acid layers is 
removed by filtration . This solid is dissolved in ethyl alcohol, 100 volumes 
of ether added, and the solution is extracted with 5 per cent sodium bicar- 
bonate to remove the acid, then washed vdth water, and distilled. The 
residue, after crystallization from 50 per cent aqueous alcohol, decoloriza- 
tion in alcoholic solution with charcoal, and recrystallization from aqueous 
alcohol, yields a colorless crystalline solid which melts at 139°. This 
material, Pyo Ic, has an antibiotic activity of 1280 units per mg. Pyo Ic 
caimot be further fractionated by means of a permutit column. 

The combined n potassium hydroidde (or 0.1 N hydrochloric acid) ex- 
tracts are neutralized and the precipitate extracted with ether. The ether, 
after being washed with water, is distilled and the residue is dissolved in 
sufficient alcohol-free ether to give a concentration of 1 mg. per ml. This 
solution is extracted 90 times with one-tenth of its volume of 0.1 n hydro- 
chloric acid. The material is recovered ff om the combined acid washings by 
extraction with ether after adjustment of the pH to 5 to 7. This process of 
dissolving the material in ether and extracting the ether solution with 0.1 N 
hydrochloric acid is repeated until 95 to 100 per cent of the material dis- 
solved in the ether is extracted by the acid. The product obtained from the 
final hydrochloric acid extract is decolorized in alcoholic solution with norit 
A and crystallized from acetone. This compoimd is designated Pyo Ib. 

An alternative method of purification of Pyo Ib which has been exten- 
sivelj’’ used is fractionation by adsorption on a column (120 X 12 cm.) of 
permutit. The fraction of Pyo Ib relatively free from Pyo Ic is dissolved 
in a small volume (15 to 25 ml.) of chloroform and poured on a column of 
permutit which has been washed previously with chloroform. The Pyo Ib 
is eluted from the column with petroleum ether (b.p. 70-100°) containing 2 
per cent absolute ethyl alcohol, and as the elution progresses increasing 
proportions up to 5 per cent of ethyl alcohol are added. The first fractions 
have melting points in the range 100-130° but most of the solid is recovered 
in fractions which have melting points from 140-144°. Repetition of the 
purification by passage through the permutit may be desirable to obtain 
pure Pyo Ib. In one case the passage was repeated several times but the 
product was not improved by the last passage. The fractions of highest 
melting point were combined and crystallized from 30 to 40 per cent ethyl 
alcohol and then from acetone. This compound is a colorless, cr 3 ^stalline 
substance which melts at 146.2-147°. 

Diagram 2 summarizes the separation of the neutral fraction into the 
various Pyo compounds. 
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Physical and Chemical Properties of Pyo Compounds 

^ Pyo Ib and 7c— The physical properties of these two substances are veij' 
similar. The melting points, ultimate analyses, molecular weights, and 

Diagram 2 
Crude neutral fraction 


Red oil«- 


Very crude Pyo IV< 

Pass through permutit column in 
low-boiling petroleum ether to 
give Pyo IV 


Dissolve in CHClj and pour on permutit column 
-Start 0.25% absolute alcohol 


■10-50% Pyo I^in Pyo I (mixture) 

I Crystallize from acetone- 
ethyl alcohol solution 


1 if 


10-20% Pyo III in 
Pyo I (mixture) 


1% absolute alcohol in CHCh- 


05% ethyl alcohol- 
Pyocyaninei — 


70-S0%Pyorain 
Pyo I (mixture) 


Pass through per- 
mutit column 


40-50% P^'o III in Pyo I (mixture) 
Crystallize as above, etc 


Repeat ciy- 
stallization 

■♦Pure Pyo in 


10-20% Pyo III in Pyo I (mixture) 
j ' 1 I Repeat column treatment, etc. 

3-8% Pyo III in Pyo I (mixture) 

Hydrogenate in alcohol 


r 


n I J 

i 1 

Pyo I. Dissolve in ether 

1 Exhaustively extract with N KOH 
or 0.1 N HCl 


^ extract ■—♦ Ether. Ppt. as hydrochloride; dccom- 

, repeat N KOH extraction j pose; crystallize. Yields Pyo Ic. 


^ recover solids; 


antibiotic activities of these two substances and of their hydrogenated 
products are given in Table V. They are extremely soluble in the various 
alcohols, readily soluble in CHCh, benzene, and dioxane, and may be 
crystallized from acetone or ether. However, it has not been possible to 
separate a mixture of the two into its component parts by crystallization 
procedures. If pure, either of these two compounds will depress the melt- 
ing point of the other. 
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These two compounds are characterized by their unusual stability and the 
inertness of their oxygen and nitrogen atoms. All attempts to prepare 
derivatives of hydroxyl, carbonyl, amide, and primary, secondary, or ter- 
tiaiy amines have been unsuccessful with a mixture of Pyo Ib and Pyo Ic. 
These compounds arc precipitiited from ether solution by oxaUc acid, 
flavianic acid, and hydrochloric acid, as described above, but since these 
salts tend to decompose during purification they have not been satisfactorj’^ 
for analytical purposes. A mixture of these compoimds remains unchanged 
even after standing in concentrated sulfuric acid on the boiling water bath 
overnight and can be recovered by simply diluting the acid wth water, 
neutralizing with NaHCOa, and extracting the aqueous phase with ether. 
A mixture of Pyo lb and Pyo Ic does not form a methiodide under a variety 
of conditions. Treatment of samples of Pyo Ib and Pyo Ic with sodium 
hydroxide and iodine yields new compounds having antibiotic activities of 
1280 and 10,000 units per mg., respectively. The determination of the 
iodine number by the method of Yasuda (31) gave a value of 94 for a sample 
of Pyo Ic. From this value, the molecular weight of 540 can be calculated, 
assuming the addition of 2 moles of halogen. Pyo Ib and Pyo Ic do not 
hydrogenate in alcoholic solution when the Adams platinum oxide catalyst 
is used, but in glacial acetic acid, in the presence of the same catalyst, both 
compounds take up 4 moles of hydrogen per mole of material. The color- 
less product obtained by hydrogenating Pyo Ib in glacial acetic acid melts 
at 164°. Pyo Ic hydrogenated in a similar manner yields a compound which 
melts at 157°. The octahydro Pyo Ib depresses the melting point of the 
octahydro Pyo Ic. 

Pyo II — Pure Pyo II crystallizes in light yellow platelets from ethyl 
alcohol. Its ultimate analysis, molecular weight, melting point, and anti- 
biotic activity are given in Table V. This substance is sparingly soluble in 
cold acetone, benzene, and methyl alcohol, is insoluble in petroleum ether, 
water, and 5 per cent sodium bicarbonate, but dissolves readily in aqueous 
carbonate solution. An alkaline solution of Pyo II possesses a yellow color 
which disappears upon acidification. Pyo II does not give a positive test 
with ferric chloride, does not form a silver salt in alcoholic solution or a 
barium salt from aqueous alkaline solution, and all attempts to prepare a 
S-benzylthiuronium salt, or a p-nitrobenzyl ester or p-bromophenacyl ester 
were unsuccessful. The substance reacts with diazomethane in diy diethyl 
ether to yield an oil. Hydrogenation in glacial acetic acid in the presence 
of Adams’ platinum oxide catalyst results in an uptake of 4 moles of hy- 
drogen per mole of Pyo II. The hydrogenated product crystallizes as fine, 
colorless needles which melt at 109°. 

Pyo III — Pyo III is a colorless crystalline solid. The melting point. 
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ultimate analysis, molecular weight, and antibiotic activity of this sub- 
stance are listed in Table V. It has essentially the same solubility as Pyo 
Ib and Pyo Ic, being in general less soluble than the latter, particularly in 
dioxane. 


Table V 


Analyses of Pyo Compounds and Their Hydrogenated Products* 


! 



Theory 



Found 




Compound 

Formula 









AcUvJt) 

> Mp 




Mol 

wt 







c 

H 

N 

c 

H 

N 

2^ 





per 

per 

per 


per 

per 

per 


trovth 

inhibt 

*C 



cent : 

cent 

cent 


cent 

cent 

cent 


units 
per ms 


Pyo Ib 

C3iH<oN;02 

78 77 

8 53| 

5 93 

472 6 

78 55 

8 6 

5 7 

440 

160 

14G 2-147 







78 8 

8 7 




138 8-139 2 

“ let 

CuH^NjOi 

79 02 

9 36 

5 42 

516 7 

79 4 

9 41 

5 35 

486 

1,280 







79 42 

9 48 

5 3 



149 -149 5 

“ II 

Ca4HuN'*04 

74 69 

8 48 

5 12 

546 7 

,74 60 

8 52 

5 2 

546 

10,000 







74 49 

8 93 

5 1 



152 8-153 5 

“ III 


79 64 

8 65 

5 46 

512 7 

79 54 

8 8 

5 5 

502 

300 

« IV 

CitHjiNOi 

69 28 

8 36 

5 05 

277 4 

69 45 

8 65 

5 05 

280 

120 

131 - 2 







69 58 

8 65 


285 

120 

139 5-140 

Tetrahydro Pyo 

CiiHijNtOj 

|79 02 

9 36 

5 42 

516 7 

79 28 

9 24 

5 36 

518 

1,280 

138 8-139 2 

Hit 

Octahydro Pj o 

C 31 H 48 NJO 2 

77 45 

10 07 

5 83 

480 7 

77 53 

10 00 

5 42 

518 

40 

163 8-154 

Ib 

Octahydro Pj o 

1 CjiHsflNjOi 

77 81 

10 76 

5 34 

524 8 

78 14 

10 86 

5 8 

554 

40 

156 8-157 

Ic§ 

Octahydro Pyo 
II 

Dodecahydro 

1 C34H8(N204 

i73 60 

9 81 

5 05 

I554 8 

73 46 

9 90 

5 1 

535 

640 

109 -109 2 

CjiHseNiOa 

77 81 

10 76 

5 34 

l524 8 

77 80 

10 41 

5 6 

542 

40 

156 8-157 

PjoIIIl 

Pyo IV diben- 

I CjoHj^NOs 

73 75 

7 02 

2 87 

1 

,488 6 

74 11 

6 97 

2 70 

487 


lOI 9-102 

zoate 





i 








: ' I I I [ : • I 

* Considerable difficulty was encountered in the purification of the Pyo ,jjtj 

especially in their analjses Although the empirical formulas listed fit our ana y i 
best, it is recognized that the true formulas may differ by as much as a met j on 


t East method Tribromophenol was used as solvent » points 

t Identical spectra and antibiotic activity No depression of mixed roe* ‘ng 1 
§ Identical spectra and antibiotic activity No depression of mixed melting p 

Although our evidence indicates that Pyo III is somewhat less stable 
Py'O Ic, all attempts to prepare an acetate, oxime, and a semicar azone 
failed Determination of the iodine number by the method of i ^ 
gives an average value of 146, indicating a molecular weight o 
suming that 3 moles of halogen arc added per mole Pyo H ** * 
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moles of hydrogen per mole when it is hydrogenated in ethyl alcohol in the 
presence of Adams’ platinum oxide catalyst and in glacial acetic acid 6 
moles are added. The tetrahydro Pyo III melts at 139° and the melting 
point is not depressed by Pyo Ic but is by Pyo Ib. The tetrahydro Pyo 
III is identical with Pyo Ic as regards analysis and ultraviolet absorption 
spectrum, and both have an antibiotic activity of 1280 units per mg. The 
dodecahydro Pyo III melts at 157° and is identical with octahydro Pyo Ic 
with respect to melting point (no depression when mixed), ultimate 
analysis, and antibiotic activity. These data are shown in Table V. 

Because of the difficulty of removing the last traces of Pyo III from Pyo 
I, we have recently utilized the conversion of Pyo III to Pyo Ic by hydro- 
genation to obtain Pyo I preparations free of Pyo III. The crude Pyo I 
fraction is hydrogenated in alcoholic solution at 45 pounds pressure with 
Adams’ platinum oxide catalyst and then the Pyo Ill-free material is 
separated into Pyo Ib and Pyo Ic as previously described. 

Pyo IV — ^Pure Pyo IV crystallizes in the form of colorless needles. Its 
melting point, composition, molecular weight, and antibiotic activity are 
listed in Table V. 

Since Pyo IV took up no halogen under the conditions of Yasuda’s (31) 
method for the determination of iodine numbers, hydrogenation of this 
compound in alcohol was not attempted. However, in glacial acetic acid 
solution and in the presence of Adams’ platinum oxide catalyst Pyo IV adds 
2 moles of hydrogen per mole. It forms a dibenzoate which melts at 102° 
(see Table V for the analyses and molecular weights). Pyo IV also forms a 
2 ,4-dinitrophenylhydrazone on treatment of an alcoholic solution with 
Brady’s reagent (32). 

Ultraviolet Absorption Spectra 

Pyo Ib and Pyo Ic — ^Fig. 2 shows the ultraviolet absorption spectra of 
these compounds. Fig. 3 shows the curves of octahydro Pyo Ib and oc- 
tahydro Pyo Ic. 

If Pyo Ib is dissolved in 0.016 n alcoholic potassium hydroxide, the 2360 
A maximum is shifted to 2430 A with a decrease in £} value (to 1025) 
and the 3160 and 3280 A maxima merge into a single peak at 3150 A 
350). Dissolving Pyo Ib in 0.01 n alcoholic hydrochloric acid causes the 
2360 A peak to shift to 2320 A and the E}^n> value to increase to 1760, 
while the maxima at 3160 and 3280 A merge into a single peak at 3000 A 
(Fl?„ 280). 

If Pyo Ic is dissolved in 0.016 n alcoholic potassium hydroxide, there is 
a change in its ultraviolet absorption spectrum. A new maximum at 2420 
976) replaces the 2360 A maximiun of Pyo Ic, and at the same 
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Fig. 2. Curve Ib, Pyo Ib, maxima 2360 A 1225), 3160 A (£i^, 505), “ 

3280 A 470); minima 2600 A 65) and 3220 A (A)^. 416). 

Pyo Ic, maxima 2360 A (P}^. 1050). 3160 A 431), and 3280 A ^ 

minima2600A(£{^n..53)and3220A(A'}^n,.383). Curve II,,Pyo H. 

873) and 3300 A 369); minimum 2860 A (Ailin. 77). Curve IU> 

HI, maxima 25S0A 1460),2660 A 1376),3070A (-^i 340)/ ^ 

434) ; minima 2630 A 1350), 2800 A 172), and 3150 ^ 

Cui^T IV, Pyo IV, maxima 2320 A (Ejot 1480), 2580 A (Sjcm. ^03), a° 

103); minima 2500 A A 174) and 2900 A A 35). Ethyl aleohol 

(95 per cent) was used as the solvent in eact case. jninimum 

Fig. 3. Curve 1, ootahydro Pyo Ib, maximum 2640 A (Si cm. ’ ,55 
2320 A (Ei?„ 185). Curve II, octahydro Pyo II, maximum 2630 A ( ico^ 

, dod™,b,d,. P/o ra. > 


minimum 2360 A (Sl^m, 85). 

Ic, maximum 2640 A (Ej 
(95 per cent) was used as the solvent in each case. 


1% 


Curve III, 

580); minimum 2320 A (Ficm. 


100). Ethyl 


at 3150 A 


time the maxima at 3160 and 3280 A merge into one ^hlon'c 

(®{«o. 326). The absorption spectnim of a 0.01 n bIco 0 ic 
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acid solution of Pyo Ic behaves in a manner similar to that of Pyo Ib with 
maxima at 2320 A 1880) and 3000 A 316) replacing those 

at 2360, 3160, and 3280 A. 

Pyo IT — J'ig. 2 shows the ultraviolet absorption spectrum of this com- 
pound. Fig. 3 gives the curve for the octahydro Pyo II. 

Pyo III — Fig. 2 shows the ultraviolet absorption spectrum for this sub- 
stance. Pyo III dissolved in hexane has an absorption spectrum somewhat 
different from that in alcohol in that it exhibits maxima at 2580 and 3380 A 
only (Fitn. 1175 and 340, respectively) and minima at 2430 and 2840 A 
985 and 140, respectively) with shoulders at 2500, 2660, and 3100 
A. If Pyo III is dissolved in 0.016 N alcoholic potassimn hydroxide, the 
maxima at 2580 and 2660 A merge into a single peak at 2600 A with an in- 
creased Value (2170) and the two peaks at 3070 and 3380 A likewise 
become a single peak at 3240 A (F}^. 550). Acidification of the alkaline 
solution after it has stood overnight fails to restore the original absorption 
curve. The absorption spectrum of a solution of Pyo III in alcohol con- 
taining 0.01 mole of hydrochloric acid per liter shows a general decrease in 
the F]^. values but the shape of the curve remains the same. Pyo III 
in alcohol solution (10 y per ml.) exhibits changes in its absorption of ultra- 
violet light after the solution has stood from 30 to 60 days at room tempera- 
tiue either in the daylight or in the dark. The cause of this change has not 
been investigated. The ultraviolet absorption curve of tetrahydro Pyo III 
is identical with that of Pyo Ic (see Fig. 2). The dodecahydro Pyo III 
in alcoholic solution has an absorption curve which exhibits a maximum at 
2640 A (F}^. 580) and a minimum at 2320 A (F}^. 100). Fig. 3 shows 
this curve which is identical with the ultraviolet absorption curve of oc- 
tahydro Pyo Ic. 

Pyo IV — ^In alcoholic solution, Pyo IV has the ultraviolet absorption 
curve shown in Fig. 2. If P 3 m IV is dissolved in 0.016 n alcoholic potassium 
hydroxide, its maxima are shifted at 2440 A (Fl^. 1270) and 2740 A 
240) ; 0.01 N alcoholic hydrochloric acid has no effect upon the ultra- 
violet absorption spectrum of this compound. 

The hydrogenation studies and ultraviolet absorption spectra show that 
Pyo Ib, Pyo Ic, Pyo II, and Pyo III are related structurally. This is also 
indicated by the stability of the compounds with respect to the inertness of 
the nitrogen and oxygen atoms present in the common nucleus. 

Bacteriological Properties 

The cultural studies which havebeen undertaken have dealt for the mo=t 
part with crude alcoholic extracts but in some experiments a cr 3 '’stalline 
compound (Pyo II) has been employed. This ciystallinc product contains 
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from 10,000 to 20,000 units per mg. and is, therefore, active in a dilution of 
1 : 10 to 20 million. 

The activities of a crude extract and of the crystalhne product have been 
studied in relation to several types of bacteria. The liquid medium em- 


Table VI 


Antibacterial Activity of Crude Pyo Preparation and of Pure Pyo II against Various 
Gram-Positive and Gram-Negative Organisms 
The preparation was diluted aerially in 1 ml. of lactose-bromocresol purple broth 
and the following organisms (4,000,000) added in 1 ml. of the same broth. The anti- 
bacterial activity is given as the number of units of the preparation required to in- 
hibit the organisms over a period of 18 hours at 37°. 


Gram-positive 


Gram-negative 


Organisms tested 


Staphylococcus aureus F 

ti tt 11* 

“ “ (Wood 46) 

Streptococcus hemolylicus 10-8* 
Corynebacterium diphtherias 19 
“ hoffmannii* 

“ xerose 

Streptococcus viridans* 

Bacillus anlhracis 

<< tt 4r 

‘ ‘ subtilis 

Diplococcus pneumoniae Goodner 1* 
Neisseria catarrhalis m 
Brucella suis* 

“ abortus 

II II * 

“ suis 
“ melitensis* 

Eberthella typhosa 901-0 ' 
Salmonella enteriditis 52 
Proteus vulgaris 10 
Escherichia coli 1 
Serralia marcescens 


No. of "SO per cent add 

inhibition'* units 

Crude 

Pyo II 

preparation 

1 

1.0 

4 

2 

0.125 

4.0 

2.0 

64 

0.125 

4.0 


1.0 

0.125 

256 

32 

256 

1.0 

8 

1.0 


0.5 

4 

4.0 

64.0 

8.0 

256 

32.0 

128 

16.0 

64 


256 

16.0 

128 

32 

256 

16.0 

256 

16.0 

256 

16.0 

256 

16.0 

256 

16.0 

256 


Yeast 



* Diluted in the presence of 1 per cent serum. 


ployed in these tests was that used in the original routine aci 
assaj' procedure. In certain instances, this medium was 2 j,-, 5 in. 

with 1 per cent horse serum to support the growth of or- 

Table VI compares the degree of activity observed vith leie 
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ganisms. These results indicate that the active substances produced by 
Pseudomonas aeruginosa are highly active against the Gram-positive and 
only slightly active against Gram-negative bacteria. 

Experiments in which a crude extract was tested against a 'susceptible 
Gram-positive organism (Staphylococcus aurexis) indicate that bactericidal 
activity in higher concentrations and bacteriostatic effects in lower con- 
centrations are displayed. Table VII gives a typical protocol in which 
the number of viable bacteria in each tube of a routine assay was deter- 
mined at intervals subsequent to inoculation. The results indicate that 
in an effective dilution {e.g., 1:80) there is an initial decrease in the munber 
of organisms during the first 2 hours. Following this decrease, the number 


Table VII 


Mode of Action of Crude Pijo Extract* 





Dilution 



20 1 

40 

1 80 

160 j 320 1 

610 

1280 


Time 


Control 


Viable bacteria per ml. 


15 min. 
2 hrs. 

4 “ 

8 “ 

B 

B 

1 

H 

1.125.000 

3.820.000 

5.780.000 

5.860.000 

1.275.000 

5.750.000 

8.080.000 
710,000,000 

H 

1,108,000 

22,600,000 

2,450,000,000 




Acid production in lactose broth 



8 hrs. 


_ 





— 

-H-l- 

18 “ 



— 



+ + 

+++ 

H — hH — h 

H — 1 — i — h 


*1,170,000 organisms {Staphylococcus aureus) per ml. were used as the inoculum. A 
partially purified extract of mixed antibiotics from Pseudomonas aeruginosa was used for 
these experiments. 


remains more or less constant for the duration of the experiment. In 
dilutions above the efieetive range there is a slow increase in the munber 
of organisms which however never approaches the control during the 
first 8 hours. Visible grotvth (i.e., 1 million or more cells per ml.) does 
not appear in the lower dilutions even after 3 days. The effect upon 
acid production under these conditions is also shown in Table VII. 

While the mode of action of these substances is not known, experiments 
on semisynthetic and completely synthetic media indicate that the carbo- 
hydrate, peptone, and other complex nitrogenous components of the lactose- 
bromocresol purple broth do not alter the activity of these compounds. 
Added p-aminobenzoic acid and nicotinic acid amide are also without effect, 
while riboflavin appears to enhance the antibiotic activity to a slight extent. 
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Serum reduces but does not eliminate the effectiveness of the extracts and 
of the crystalline Pyo II. Furthermore, the extracts appear to be equally 
active against Staphylococcus aureus under anaerobic and aerobic conditions 
but are on the other hand only slightly active against the obligatory 
anaerobes.' 

The activities of Pyo Ic, Pj'o II, and crystalline sodium penicillin G were 
compared against several test organisms by the serial dilution method, 
Table VIII summarizes these studies. 

Tabi,c VIII 

Antibacterial Action of Penicillin (Na Salt) and Crystalline Pyo Preparations 

Dilution in which visible growth is inhibited. The concentration of crystalline 


materials equals 1.0 mg. per ml. 


Organbm 

Pyo Ic 

PyoII 

Penicillin Na 

Bacillus subtilis . . 


1280 

<20 

Corynebacterium xerose . . 


320 

20,480 

Staphylococcus aureus F .... 


2560 

40,960 

Escherichia coli 


<20 

<20 

Streptococcus hemolyticus* 


80 

>103,840 

Bacillus anthracis . 


1280 

>81,920 

A'eissena catarrhalis m 


600 

5,120 

Corynebacterium diphthenae 300* 


40 

>81,920 

Streptococcus nridans “lab”* . ... 


20 

>81,920 

Salmonella paratyphi 


<20 

40 

Shtgella paradysenteriac 


<20 

40 

Penicillin-resistant staphylorocci, No. 1 . ... 


640 

5,120 

«* *t t( 2 


320 

5,120 


' Serum incorporated in assay medium. 


Toxicity Studies 

The effects of a crude neutral fraction and Pyo II were tested on protozoa. 
These preparations, which were dissolved in alcohol, precipitated upon 
dilution with the culture medium unless the concentration was kept 
For this reason, concentrations ranging from 0.1 to 5.0 y per ml. were us ^ 
At these levels no effects were observed on Paramecium caudatum, Eugcs 
viridis, and Amoeba proteus. . ^ 

The toxicity of a crude neutral fraction containing approximate j 
“50 per cent acid inhibition” units per mg. was tested in adult mice. 
ill effects were ob.served after single subcutaneous injections of 5. 
benne oil or intravenous injection of 10 mg. in bonne oil in four doses u 
48 hours. Wlien a benne oil solution contaming 11.5 mg. of t ® 
tract was given orally in a single dose to a mouse, no obsen'able e ec 
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noted. Likewise a total of 27.5 mg. in benne oil given orally in eleven doses 
over 7 days produced no ill effects. Finally 100 mg., dissolved in cooking 
fat (Spry), were given orallj' without harm to a mouse. 

A single oral dose of 25 mg. suspended in a starch-gelatin solution oi a 
total of 37 mg., in the same medium, given over a period of 8 days, caused 
no ill effects. 

The intestinal contents of the mice which had received Pyo for 2 to 8 days 
were examined for protozoa. No noteworthy difference could be observed 
between experimental and control animals. 

SUMMARY 

Methods arc described for the production, purification, and isolation of 
some new antibiotic substances elaborated by Pseudomonas aeruginosa. 

Analytical data, the ph5'sical and chemical properties of these pure 
crystalline materials, and some of their derivatives are presented. Evi- 
dence is presented which indicates that at least four of our substances (Pyo 
Ib, Pyo Ic, Pyo II, and Pyo III) are structurally related. 

In general, the Pyo compounds are active against Gram-positive but con- 
siderably less active against Gram-negative organisms. 

Preliminary toxicity studies indicate that these substances in the crude 
and in the pure state are non-toxic in the animal organism. 

We are indebted to the Theelin Fund administered by the Comnaittee on 
Grants for Research of St. Louis University for financial support, to Dr. 
Robert D. Coghill for a sample of crystalline sodium salt of penicillin G and 
for a comparison of the antibiotic activities of penicillin and Pj^ II by the 
Oxford method, and to Mrs. E. A. Doisy and Mr. Joseph Yglesias for their 
helpful technical assistance. 
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LETTERS TO THE EDITORS 


CRYSTALLIZATION OF MEXICAIN 

Sirs: 

In the latex from Pileus mexicanus, Castaneda-Agull6 el al} found 
a highly active proteolytic enzyme which was called mexicain and which 
has now been crystallized. 

2 volumes of water were added to 1 volume of fresh latex and the pH 
adjusted to 7.5 with 0.5 n sodium hydroxide with constant stirring. The 
mixture is placed in a refrigerator at 5° for 24 hours. The solution is then 
filtered through Hyflo Super-Cel and the pH adjusted to 5.5 rvith 0.05 n 
hydrochloric acid. At this pH the solution has an opalescent cast and 
after 24 hours at 5” there appears a fine precipitate of homogeneous crystals 
in the form of lanceolate plaques. 

In three successive crystallizations the same crystalline form always 
appeared. These crystals have a protein reaction and have an activity 
in digestion of proteins and milk clotting 4- to 5-fold that of dry latex in 
vacuo. 

The crystalline enzyme is very soluble and its solutions, at pH 5.8, will 
not lose their activity at room temperature and do not need activators, 
such as sodium cyanide or cysteine, for stability of enzymatic power. 

In a sample of fresh latex collected in May, 1944, and stored in a re- 
frigerator for 1 year, at 5°, identical active crystals were obtained by this 
same method, without chemical activators, but, however, wth less activity 
than those obtained from latex collected more recently. 

Laboratorios de Fisiologia M. CASTAREDA-AGUiiL6 

Instituto Politbcnico Nacional HeRnXndez 

Deparlamenlo de Fisiologia de la Escuela de F. Loaeza. 

Medicina ^ . SaEazar 

Universidad Nacional 

Mbxico, D. F. 

Received for publication, June 2, 1945 

^Castafieda, M., Gavarron, F. F., and Balcazar, M. E.., Science^ 96, 365 (1942). 
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OBSERVATIONS ON THE GROWTH-STIMULATING ACTION 
OF CERTAIN PROTEINS ADDED TO PROTEIN-FREE 
DIETS COMPOUNDED WITH AMINO ACIDS* 

Sirs: 

For several years it has been recognized that rats, mice, or chicks grow 
less rapidly when a mixture of amino acids is used as the N source in the 
diet than when casein is employed. Opinions about why this should be so 
have differed. Therefore, the following new facts and interpretations are 
presented to aid in the imderstanding of the phenomenon. 

Mice grew at a suboptimal rate when the casein used as the N source in 
their diet was hydrolyzed with acid, and the hydrolysate was fortified with 
cystine and tryptophane. This was demonstrated by feeding young mice 
a diet composed of sulfuric acid-hydrolyzed casein, prepared as described 
previously ,1 18 parts, di-tiyptophane 0.8, 1-cystine 0.3, sucrose 75, salts^ 5, 
fortified com oil 1, and the crystalline vitamins as reconunended earlier.^ 
To render the ration less hygroscopic, 10 parts of cellulose were added. 

Small amounts of intact casein and even smaller amounts of crystalline 
trypsinogen when added to the above basal ration caused restoration of 
nonnal growth. On the other hand, coagulated egg white was without 
beneficial effect. The data show further that a concentrate of strepo- 
genin^ prepared from a tryptic digest of casein and fed at a level equivalent 
in strepogenin content to the minimal effective dose of casein was approxi- 
mately as active as this protein. Finally, when the strepogenin potency 
of the concentrate was destroyed by acid hydrolysis, growth-promoting 
power was lost. 

Strepogenin is an unidentified peptide-like bacterial growth factor® which 
has recently been shown to be a constituent of several pure proteins.^ It 
has been foimd abundantly in casein, but only in traces in dialyzed egg 
white. Crystalline trypsinogen is apparently a much richer source than 
casein. Strepogenin is destroyed by hydrolysis mth strong acid. 

These properties correlate sufficiently well with the present findings rvith 
mice to suggest that the growth-promoting powers of some proteins added 
to diets based on amino acids may be attributed to strepogenin. Indeed, 

* With the technical assistance of M. L. Collyer and B. Bailey. 

' Woolley, D. W., J. Biol. Chem., 140, 453 (1941). 

’ Phillips, P. H., and Hart, E. B., J. Biol. Chem., 109, 657 (1935). 

’ Woolley, D. W., J. Biol. Chem., 164, 31 (1944). 

* Woolley, D. W., and Sprince, H., Federation Proc., 4, 164 (1945). Sprince, H., 
and Woolley, D. W., J. Am. Chem. Soc., in press. 

® Sprince, H., and Woolley, D. W., J. Exp. Med., 80, 213 (1944). 
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Growth Response of Mice Fed a Casein Hydrolysate Ration 


Addition to basal ration 

No. of 

flnlmflU 

Average 

change 

In weight 


Per cent 


gffl. ftr 
tfl. 

None 


12 

1.7 

Casein (vitamin-free) 

10 

4 

3.3 


2 

4 

3.1 


1 


2.4 

Dialyzed heated egg white 

5 


2.1 

Denatured crystalline trypsinogen 

0.5 


3.6 

Strepogenin concentrate 

Equivalent to 2% casein 

8 

3.0 

Hydrolyzed strepogenin concentrate 

.. i, 4 ^^ .. 

4 

1.3 


the present experiments were designed and undertaken in an effort to learn 
whether this bacterial growth factor was of importance in animal nutrition. 
This question cannot be answered until pure strepogenin is available, but 
the data ^ow that proteins rich in this factor (casein and trypsinogen) 
have growth-promoting powers not possessed by proteinaceous material 
low in strepogenin (egg white). Egg white is not deficient in the knorni 
amino acids. Thus, for mice as well as for bacteria,* the nutritional 
properties of proteins are not related solely to the amino acids obtainable 
by acid hydrolysis. 

The Rockefeller Institute for Medical Research D. W. W00I1I.EI 

New York 
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SYNTHESIS OF LABILE METHYL GROUPS 
IN THE WHITE RAT 


Sirs: 

In the first report of growth experiments with homocystine diets supple- 
mented ndth choline, du Vigneaud and coworkers’ called attention to the 
fact that occasionally they encountered animals “capable of showing some 
growth on the homocystine diet without added choline.” It was sug- 
gested’ that labile methyl groups had been S5mthesized by the intestinal 
bacteria of these rats. Growth of rats receiving methyl-free, homocystine 
diets has also been reported recently by Bennett, Medes, and Toennies.^ 

In the present communication, we wish to report evidence that indicates 
the synthesis of a small amount of methyl groups in the wlute rat main- 
tained on a diet adequate in labile methyl groups. This evidence was ob- 
tained by maintaining the deuterium concentration of the body water of 
rats at about 3 atom per cent and subsequently isolating the choline from 
the tissues of these rats. If, under these conditions, deuterium was found 
in the methyl groups of choline, synthesis of the methyl group must have 
taken place somewhere in the animal, either in the tissues or in the intes- 
tinal tract. It was extremely unlikely that a direct exchange reaction 
would bring about the appearance of deuterium in the methyl groups under 
these conditions.’ 

Two rats were fed a casein diet having the following percentage com- 
position: vitamin-free casein 20, salt mixture* 4, Crisco 19, sucrose 56, com 
oil containing fat-soluble vitamins’ 1. Each rat received daily 0.20 mg. 
of dl-calcium pantothenate, 2 mg. of p-aminobenzoic acid, 5 mg. of inositol, 
and 0.02 mg. each of thiamine chloride, riboflavin, nicotinic acid, and 
pyridoxine hydrochloride. The deuterium concentration of the body 
water was raised to approximately 3 atom per cent by the intraperitoneal 
injection of the necessary amount of 99.5 per cent D 2 O and was maintained 
by providing drinking water containing 4 atom per cent D 2 O for 3 weeks. 
The deuterium contents of the tissue choline, isolated as choline chloro- 
platinate,’ and of trimethylamine prepared from it’ are given in the table. 

’ du Vigneaud, V., Chandler, J. P., Moyer, A. W., and Keppel, D. M., Proc. Am. 
Soc, Biol. Chem., J. Biol. Chem., 128, p. cviii (1939); 131, 57 (1939). 

^ Bennett, M. A., Medes, G., and Toennies, G., Grotcift, 8, 59 (1944). 

’ du Vigneaud, V., Cohn, M., Chandler, J. P., Schenck, J . R., and Simmonds, S., 
J.Biol.Chem.,U0, 625 (1941). 

’ Osborne, T. B., and Mendel, L. B., J. Biol. Chem., 37, 572 (1919). 

’ du Vigneaud, V., Kilmer, G. W., Rachele, J. R., and Cohn, M., / . Biol. Chem., 
166, 645 (1944). 
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Deuterium Content of Methyl' Groups of Choline 


Change in 
body weight 

Average 
deuterium in 
body water 

U) 

Deuterium content 

Per cent of 
choUne methyl 
derived from 
body water 

(f xico) 

Choline chloro- 
platinate 

Trimcthvlamine 

chloroplatinate 

Methyl poup 
of choline 

iB) 

rm. 

atom per cent 

atom Per cent 

atom per cent 

atom per cent 


102-145 

3.1 

0.60 ± 0.01* 

0.15 ±0.06 






0.21 ± 0.01* 

0.24t 

7.7t 

116-165 

3.2 

0.39 ± 0.06 

0.23 ± 0.08 






0.25 ± 0.02* 

0.27t 

8.5t 


* Micro deuterium method with the mass spectrometer. 

t Value calculated from the data obtained by the miero deuterium method because 
of the smaller error in analysis. 


These results indicate a small, but not insignificant, amount of labile 
methyl group synthesis. The present data do not distinguish between 
direct S3mthesis by the tissues and synthesis by intestinal bacteria with 
subsequent utilization of the methyl groups in the tissues. On the basis 
of the facts we now have concerning the labile methyl groups in the diet 
and in metabolism, we feel that the latter explanation involving intestinal 
bacteria is the most logical interpretation of our results. 

The authors wish to thank Dr. D. Eittenberg of the Department of Bio- 
chemistry, College of Physicians and Surgeons, Columbia University, for 
micro deuterium analyses carried out by an unpublished method. 
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New York City Joseph P. Chandler 

Mildred Cohn 


Received for publication, June 28, 1945 
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liver glycogen. Wood, Lifson, 0^ 
Lorber, . 

Isotopic, acetate and 
dation products, study 
anan, Sakami, Gurin, and 

Carbon dioxide: Fixation, isocitnc debj- 
drogenase, relation, 

Fixation mechanism, '.j 

cell-free, radioactive carbon dime 

in study. Wood, Vennesland,, 
Evans, 
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Citboiylase: De-, arginine and glutamic 
acid, function, Umbrcil and Gun- 
salus, 333 

Oxalosuccinic, Ochoa and TTcts^ 
Tdbori, , 245 

Carcass: Glycogen turnover, galactose 
effect. Sullen, 123 

Carcinogenesis: Epidermal, methyl- 

cholanthrene-induced, copper and 
zinc, Camtlhera and SunUcff, 647 
Cathepsln: Sec aho Enzyme, Catheptic 
Cerebrospinal cord: Dicholesteiyl ether, 
Silberman and Silberman-Mar- 
lyncewa, 603 

Cholanthrene: Methyl-, carcinogenesis 
induced by, epidermal, copper and 
zinc, Carrulhers and Sunlzeff, 647 
Choline: Analogues, Neurospora choline- 
less mutants, utilization, Horowitz, 
Bonner, and Houlahan, 145 

Determination, apectrophotometric, 
micro, R'inzfer and ilfesertie, 395 
Excretion, choline intake and tempera- 
ture effect, Johnson, Hamilton, and 
Mitchell, 5 

Liver, fatty, effect, MacFarland and 
McHenry, 605 

Cholinesterase: Drugs, effect, Hachman- 
sohn and Schneemann, 239 

Citric acid: Formation from acetoacetic 
and oxalacetic acids, Hunter and 
Leloir, 295 

Convulsion (s); Procaine, split-products, 
effect, Richards, 241 

Copper: Carcinogenesis, epidermal, 
methylcholanthrene-induced, Car- 
ruthera and Sunlzeff, 647 

CysHcercus fasclolarls: Chemistry, 
Velick, 711 

Tumors initiated by, fat, acetone- 
soluble, Velick, 711 

D 

DDT: See Ethane, 2,2-BiB(p-chloro- 
phenyl)-l,l,i.trichloro- 
Decarboiylase: Arginine, function, Um- 
breit and Gunsalua , 333 

Glutamic acid, function, Umbreit and 
Gunsalua, 333 

Dehydrogenase: d-Glyceraldehyde 3- 
phosphate, muscle, isolation and 


Dehydrogenase — continued: 

crystallization, Cori, Slein, and 
Cori, 565 

Isocitric, carbon dioxide fixation, rela- 
tion, Ochoa, 243 

Dentin: Phosphate adsorption, Johans- 
son, Falkenheim, and Hodge, 129 

time, radioactive isotope in study, 

Johansson, Falkenheim, and Hodge, 

129 

Detergent (s): Synthetic, proteins and, 
interaction, Putnam and Neurath, 

195 

Dicholesteiyl ether: Cerebrospinal cord, 
Silberman and Silberman-Mar- 


tyncewa, 603 

Diet: Bone composition, relation, Sobel, 
Rockenmacher, and Kramir, 159 
Guinea pig, essential factor, ran Wag- 
tendonk and Zill, 247 

E 

Embryo: Lipids, Gortner, 135 

Enamel: Phosphate adsorption, Johans- 
son, Falkenheim, and Hodge, 129 


time, radioactive isotope in study, 

Johartsson, Falkenheim, and Hodge, 

129 

Enzyme (s): Catheptic, kidney, Zamec- 
nik and SUphenson, 625 

Glutathione oxidation, Ames and El- 
vehjem, 549 

Phosphopyruvate synthesis from py- 
ruvate, effect. Lardy and Ziegler, 

343 

Transphosphorylation, guanine r61e, 
Colowick and Price, 563 

See also Adenosinetriphosphatase, Car- 
boxylase, Cholinesterase, Decar- 
boxylase, Dehydrogenase, Mexicain, 
Oxidase, Phosphatase 
Esterase: Choline. See Cholinesterase 
Estrogen (s): Blood plasma calcium, 
phosphorus, and nitrogen partition, 
effect, McDonald and Riddle, 445 
Ethan e : 2 , 2-Bis (p-chlorophenyl ) -1 , 1 , 1- 
trichloro-, organs and body fluids, de- 
termination, Stiff and Castillo, 545 
F 

Fat(s): Acetone-soluble, tumors, Cysti- 
cercus fasciolaris-initmted, Velick, 

711 
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Fatty acid(s): Lower, salts, blood serum 
albumin, electrophoretic mobility, 
effect, Ballou, Boyer, and LiicL, 

111 

Fibrinogen: Blood plasma, methyKan- 
thine effect, Ftcld, Sveinbjornsson, 
and Link, 525 

Flaxseed: Nitrogenous constituents, 

Fossei and Ncsbiit, 571 

Protein, purified, isolation. Fosse! and 
Ncsbill, 571 

Folic acid: Excretion, skin and urine, 
Johnson, IlamiUon, and Mitchell, 


Galactose: Carcass glycogen turnover, 
effect, Slctten. 123 

Liver glycogen turnover, effect, 
Sietlen, 123 

Glucose: Liver glycogen, fixed carbon, 
position, ll'ood, Lifson, and Lorber, 

475 

Glutamic acid: Decarboxylase, function, 
U/nbreil and Gunsalus, 333 

DeU 'mination, Lactobacillus arabtno- 
si.'s use, Hac, Snell, and U'tlliams, 

273 

Laeiobacillus arabinosus utilization. 
Hue Snell, and II illtams, 273 
Glutamine: Argimne-free, preparation, 
Archibald, 693 

Determination, Lactobacillus arabino- 
sus use, I/ac, Snell, and Williams, 

273 

Lactobacillus arabinosus utilization, 
Bac, Snell, and Williams, 273 
Urea formation from, liver extracts, 
relation, ArchilalcT, 693 

Glutathione: Oxidation, enzymatic, 

Ames and Elvchjem, 549 

Glyceraldehyde 3-phosphate dehydro- 
genase: d-, muscle, isolation and 
crj'stallization. Con, Slein, and Cori, 

565 

Glycine: Porphyrin synthesis, use, 

Shemin and liiltenberg, 567 

Glycogen: Carcass, turnover, galactose 
effect, Slctten, 123 

Liver, glucose, fixed carbon, position, 
IFood, Lifson, and Lorber, 475 


Glycogen — continued: 

Liver, turnover, galactose effect, 
Stetten, 123 

felycogenesls: Adrenalin effect, Slctten 
and Klein, 593 

Insulin effect, Sietlen and Klein, 593 
Glycolysis: Malaria parasite, cell-free 
preparations. Speck and Evans, 71 

, quinine and atabrinc effect. 

Speck ond Evans, 83 

Growth: Hormone, pituitary, anterior, 
isolation and properties, Li, Evans, 
and Simpson, 353 

Proteins, effect, W oolley, 753 

Yeast, thieiiylalanine effect, du Vi- 
gneaud, McKennis, SimmonJs, Bill- 
mcr, and Brown, 335 

Guanine: Transphosphorylation, cocn- 
zyme r61e, Colowick and Price, 563 
Guinea pig: Diet essential, van WagUn- 
donk and Zill, 

H 

Hemoglobin: Amino acid determination, 
Foster, 

Histidine: Protein hydrolysates, deter- 
mination, Lcuconosioc mcscntcroi w 
use, Dunn, Camien, Shanhnan, and 
Rok-land, 

House-fly: Sabadilla seed alkaloids, cl- 
fcct, Ihawa, Dickc, Allen, and Link^ 

I 

Influenza: Viruses, density and size. 

Sharp, Taylor, McLean, Beard, af^ 

Insulin: Glycogcnesis, effect, Sietlen and 

Klein, , 

Isocltric dehydrogenase: Carbon i ' 
ide fixation, relation, . 

Isorubljervine: Ring system, Jacobs 
Craig, ^ 

Jervlne: Isorubi-, ring system, 

and Craig, „„A Craig, 


Kidney: Catheptic enzymics, 
and Stephenson, 
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L 

Lactobacillus arablnosus: Biotin deter- 
mination, growth stimulants, effect, 
Williams, 237' 

Glutamic acid determination and util- 
ization, Hac, Snell, and Williams, 

273 

Glutamine determination and utiliza- 
tion, Hac, Snell, and Williams, 273 
Tryptophane utilization and synthesis, 
Wrighl and Skeggs, Gil 

Lactoglobulln: 0-, amino acid determina- 
tion, Foster, 431 

Leuconostoc mesenteroldes: Aspartic 
acid determination, use, Hac and 
Snell, 291 

Protein hydrolysate histidine deter- 
mination, use, Dunn, Camien, 
Shankman, and Rockland, 653 
Levulan: Synthesis, Bacillus sublilis 
effect, Doudoroff and O’Neal, 585 
Lipid (s): Embryo, Gorlner, 135 

Phospho-. See Phospholipid 
Liver: Extract, urea formation from 
glutamine by, Archibald, 093 

Extracts, cell-free, carbon dioxide 
fixation mechanism, radioactive car- 
bon dioxide in study, TPood, Ven- 
nesland, and Evans, 153 

Fatty, choline effect, MacFarland and 
McHenry, 605 

Glycogen, glucose, fixed carbon, posi- 
tion, Wood, Lifson, and Lorber, 475 
~ turnover, galactose effect, Stetten, 

123 

Luciferin: Reduced, absorption band, 
visible. Chase, 1 

M 

Malaria: Parasite, biochemistry. Speck 
and Evans, 71, 83 

1 glycolysis, cell-free preparations, 
Speck and Evans, 71 

> , quinine and atabrine effect. 

Speck and Evans, 83 

Methylcholanthrene : Carcinogenesis 

induced by, epidermal, copper and 
zinc, Carruthers and Suntzeff, 647 
ethyl group (s): Labile, synthesis, 
Vigneaud, Simmonds, Chandler, 
and Cohn, 755 


Methylnlcotlnamlde: N'-, excretion, 

Johnson, Hamilton, and Mitchell, 

231 

Methylianthlne (s) : Blood plasma fibrin- 
ogen, effect. Field, Sveinbjornsson, 
and Link, 525 

Mexlcaln: Crystallization, Castaheda- 
Agullb, Herndndez, Loaeza, and 
Salazar, 751 

Mold: See also Ncurospora, Penicillium 

Muscle: d-Glyceraldehyde 3-phosphate 
dehydrogenase, isolation and crys- 
tallization, Cori, Slein, and Cori, 

565 

Mycollc acid: Tubercle bacillus, human, 
monolayer and Roentgen i;ay study, 
St&llberg-Stenhagen and Slenhagen, 

255 

Myoadenylic acid: Tissue autolysis, de- 
composition, Kerr and Seraidarian, 

637 

Myosin: Adenosinetri phosphatase activ- 
ity, Singher and Meister, 491 

N 


feurospora: Cholineless mutants, cho- 
line analogues, utilization, Horowitz, 
Bonner, and Houlahan, 145 

ficotlnamlde: Determination, micro- 
biological, Johnson, 227 

Excretion, Johnson, Hamilton, and 
Mitchell, 231 

N'-Methyl-, excretion, Johnson, Ham- 
ilton, and Mitchell, 231 

flcotlnlc acid: Determination, micro- 
biological, Johnson, 227 

Excretion, Johnson, Hamilton, and 
Mitchell, . 221 

Rcotinuric acid: Determination, micro- 
biological, Johnson, 227 

Excretion, Johnson, Hamilton, and 

Mitchell, . 

«trogen: Amino acids, determination, 
micro-Kjeldahl, Miller and Hough-^ 

ton, , 

Blood plasma, partition, reproduction 
and estrogen administration, effect, 
McDonald and Biddle, 

Non-protein, blood, 

ministration effect. Buck and 
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Nitrogen — continued: 

Proteins, determination, micro-Kjel- 
dahl. Miller and Houghton, 373 
Nitrogenous constltuent(s) : Plaxseed, 
Vassel and Nesbitt, 571 

Nucleoslde(s): Purine, purines, separa- 
tion and determination, Kerr and 
Seraidarian, 211 

O 

Ozalacetlc acid: Citric acid formation, 
relation. Hunter and Leloir, 295 
Ozalosucclnlc carboxylase: Ochoa and 
Weisz-Tabori, 245 

Oxidase: Pyruvic, Proteus vulgaris. 
Slumps, 529 

P 

Pantothenic acid: Lactone, determina- 
tion, Acelobacler suboxydans use, 
Saretl and Cheldelin, 311 

— , metabolism, Saretl, 321 

Metabolism, Saretl, 321 

Phenyl pantothenone and, Woolley and 
Collyer, 263 

Pantothenone: Phenyl, pantothenic acid 
and, Woolley and Collyer, 263 
PenlclUlum notatum: Penitrinic acid, 
Stodola, Wachtel, Moyer, and Coghill, 

67 

Pigment, Stodola, Wachtel, Moyer, and 
Coghill, 67 

Penitrinic acid: Penicillium notalum, 
Stodola, Wachtel, Moyer, and Coghill, 

67 

Peptlde(s): Dunn, Camien, Shankman, 
and Rockland, 653 

Phenyl pantothenone: Pantothenic acid 
and, Woolley and Collyer, 263 

Phosphatase: Adenosinetri-, myosin, ac- 
tivity, Singher and Meister, 491 
Test, sodium phenolphthalein phos- 
phate use, Huggins and Talalay, 

399 

Phosphate (s): Acyl, determination, mi- 
cro-, Lipmann and Tuttle, 21 

Adsorption, enamel, dentin, and bone, 
Johansson, Falkenheim, and Hodge, 

129 

Enamel, dentin, and bone, adsorption 
time, radioactive isotope in study. 


Phosphate(s)— continued; 

Johansson, Falkenheim, and Hi 

Phospholipid (s): Determination, mi 
evaluation, Gortner, 

Phosphopyruvate: Synthesis, enzymi 
pyruvate relation. Lardy and Zie 

Phosphorus: Blood plasma, partil 
reproduction and estrogen admi 
tration, effect, McDonald and Rii 

Pituitary; Anterior, growth horm< 
isolation and properties, Li, Ev 
and Simpson, 

Porphyrin: Synthesis, glycine i 

Shemin and Rittenberg, 

Procaine: Convulsions, split-produ 
effect, Richards, 

Protein (s): Dunn, Camien, Shankn 
and Rockland, 

Blood plasma, diet deficiency, effi 
van Waglendonk and Zill, 

— serum, determination, gradient ti 
use, Lowry and Hunter, 
Degradation products, polarograp 
study, Muller and Davis, 
Detergents, synthetic, interaoti 
Putnam and Neurath, 

Flaxseed, purified, isolation, Va\ 
and Nesbitt, 

Growth effect, Woolley, 
Hydrolysates, arginine determina*' 
colorimetric, Albanese and Fr 
ston, 

— , histidine determination, Leucc 
toe mesenteroides use, Dunn, Can 
Shankman, and Rockland, 
Index, polarographic study, M\ 
and Davis, 

Nitrogen determination, micro-I 
dahl. Miller and Houghton, 
Polarographic study. Mailer and Di 

Proteus vulgaris: Pyruvic oxid 

Slumps, 

Pseudomonas aeruginosa: Antibi 
substances, production. Hays, W 
Katsman, Cain, Jacobs, The 
Doisy, Gaby, Roberts, Muir, Car 
Jones, and Wade, 
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■Ine(s): Nucleosides, purines, separa- 
t tion and determination, Kerr and 
Seraidarian, 211 

ribose, determination, Kerr and 
Seraidarian, 211 

Jldoxlne: Derivatives, function, {7m- 
I breil and Gunsalus, 333 

'trepiococcus laciis transamination, ef- 
: feet, Cohen and Lichslein, 367 

dmldlne: Vitamin B, determination, 
biological, Obermeyer and Chen, 117 
uvate: Phosphopyruvate synthesis, 
: enzymatic, from, Lardy and Ziegler, 

343 

uvlc oxidase: Proteus vulgaris, 

'‘Slumps, 529 

Q 

jnine: Malaria parasite glycolysis, 

. effect. Speck and Evans, 83 

|none: a-Tocopherol, effects, Woolley, 


Iroductlon: Blood plasma calcium, 
j phosphorus, and nitrogen partition, 
effect, McDonald and Riddle, 445 
ose: Purine nucleosides, determina- 
•tion, Kerr and Seraidarian, 211 
tliervlne: Ring system, Jacobs and 
[Craig, 617 


I 

‘ Thiazole: Vitamin B,, determination, 
biological, Obermeyer and Chen, 117 
Thienylalanlne: Yeast growth, effect, 
du Vigneaud, McKennis, Simmonds, 
Dillmer, and Brown, 385 

Tocopherol (s) : Blood plasma, determina- 
tion, Quaife and Biehler, 663 

Tocopherol qulnone: a~, effects, Woolley, 

59 

Tooth: See also Dentin, Enamel 
Transamination: Streptococcus laetts, 

pyridoxine effect, Cohen and Lich- 
slein, 367 

Transphosphorylatlon: Enzymatic, gua- 
nine r61e, Colowick and Price, 563 
Tryptophane: Blood, tryptophane ad- 
ministration effect. Buck and Berg, 

101 

Lactobacillus arabinosus utilization and 
synthesis, Wright and Skeggs, 611 
Metabolism, Buck and Berg, 101 
Tissues, tryptophane administration 
effect. Buck and Berg, 101 

Tubercle bacillus: Human, myocolic 
acid, monolayer and Roentgen ray 
study, StSllberg-Stenhagen and Sten- 
hagen, 255 

Ttunor(s): Cysticercus fasciolaris-iai- 
tiated, fat, acetone-soluble, Velick, 


. S 

i 

'Sdllla: Seed, alkaloids, house-fly, 
.effect, Ikawa, Dicke, Allen, and 
Link, 517 

t solution (s): Precipitates, Kuyper, 

ill 


tvy: Adrenal gland adrenalin, rela- 
tion, Banerjee, 327 

t: Folic acid excretion, Johnson, 
■Hamilton, and Milchell, 425 
lum dodecyl sulfate: -Blood serum 
^bumin mixtures, electrophoresis, 
Bulnam and Neurath, 
iuin phenolphthaleln phosphate: 
^’hosphatase test, use, Huggins and 

.rmalay, 399 

pi cord: See Cerebrospinal cora 

.^tococcus lactls: Transamination, 

Pyridoxine effect, Cohen and ic 
■ 00 / 
liein. 


Urea: Blood, tryptophane administration 
effect. Buck and Berg, 101 

Formation from gfutamine, liver ex- 
tracts, relation, Archibald, 693 
Urine: Arginine determination, colorimet- 
ric, Albanese and Frankslon, 185 
I Folic acid excretion, Johnson, Hamil- 
ton, and Mitchell, 425 

V 

Veratrlne: Alkaloids, jetcobs and Craig, 

617 

Vlrus(es): Influenza, density and size, 
Sharp, Taylor, McLean, Beard, and 
Beard, 29 

Vitamin (s): A, colorimetric reaction, 
Sobcl and Werbin, 681 

— , determination, colorimetric, Fcin- 
slein, 569 
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Vltainln(s) — continued: 

Be conjugate, detennination, micro- 
biological, Bird, Bressler, Brown, 
Campbell, and Emmett, 631 

Bi pyrimidine, detennination, bio- 
logical, Obermeyer and Chen, 117 
— thiazolc, determination, biological, 
Obermeyer and Chen, 117 

X 

Xanthine (s): Methyl-, blood plasma fi- 
brinogen, effect, Field, Sveinbjoms- 
son, and Link, 525 


Xanthurenic acid: Excretion, fai 
affecting. Miller and Baumann, 

Y 

Yeast: Growth, thienylalanine effect 
Vigneaud, McKennis, Simmo 
Diitmer, and Brown, 

Z 

2inc: Carcinogenesis, epidermal, met 
cholanthrene-induced, Carrul 
and Suntzeff, 




